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Preface

In this book, the methods of synthesis/preparation of different carbon materials like
graphite, carbon blacks, carbon fibers, carbon nanotubes, and graphene have been
discussed. The different processes/methods of functionalizations/modifications
of these carbon materials for improving their composites’ properties are reported
in detail. The preparation techniques of polymer/carbon composites are shown
pictorially to have a better idea about their preparation methods and have been
discussed by focussing on methods that are more advantageous for getting
improvement in properties. The merits and demerits associated with some prepa-
ration methods are mentioned in the respective chapter.

The different properties of the polymer composites like mechanical, electrical,
dielectric, thermal, rheological, morphologic, spectroscopic, electronic, sensing are
discussed elaborately on the basis of their geometrical/structural points of view in
separate chapters. With the incorporation of carbon filler within the polymer matrix,
the mechanical properties and the thermal stability of the composites improve up to
a certain level and then decrease after further addition. However, the electrical
conductivity, dielectric permittivity, thermal conductivity, and electromagnetic
interference shielding effectiveness of the polymer composites increase regularly
with the addition of conductive carbons. Good dispersion of carbons within the
polymer matrices is observed at their certain loading. The properties are strongly
dependent on the type and nature of both polymers and carbons.

Applicability of the composites is focussed on electrical and electronic fields,
structural field, sensing and catalysis, fuel cell, solar energy, etc. It is well known
that all polymers are not suitable for a particular application or a particular polymer
is not suitable for all types of applications, and hence, the best choice of polymer for
a particular application is reported herein. Similarly, it can be said that all carbon
materials are not suitable for a particular application or a particular carbon material
is not suitable for all types of applications. Hence, the readers can find out suitable
carbon material for specific applications according to their choice. Moreover, the
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geometry/structure of carbons also affects different properties of the polymer
composites. So, the effect of carbon types and their geometry/structure on the
properties and applications of composites is discussed in detail in the chapters, and
this is the speciality of this book and will be beneficial to the readers.

This book covers the synthesis/preparation of carbon materials, their function-
alization, processing of composites, and almost all properties and applications of
polymer/carbon composites. Hence, this book can be used as a supplementary
reading/textbook in the future for the proposed branches of studies like
polymer/carbon composites and polymer/carbon materials in nanotechnology
suitable for the department of materials/polymer science and engineering, and
center/department of polymer nanotechnology, respectively.

Riyadh, Saudi Arabia Mostafizur Rahaman
Kharagpur, India Dipak Khastgir
Riyadh, Saudi Arabia Ali Kanakhir Aldalbahi
September 2018
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Synthesis/Preparation of Carbon
Materials

Purabi Bhagabati, Mostafizur Rahaman, Subhendu Bhandari,
Indranil Roy, Ayan Dey, Prashant Gupta, M. A. Ansari, Aastha Dutta
and Dipankar Chattopadhyay

Abstract This chapter focuses on the synthesis/preparation of different carbon
materials namely, diamond, fullerene, graphite, carbon black, carbon fiber, carbon
nanofiber, carbon nanotube, and graphene. Though there are several methods of
synthesis/preparation of carbons, the most common and important ones are dis-
cussed herein. The synthesis of diamond has been majorly focussed by chemical
vapor deposition (CVD) method, whereas the other ion beam sputtering method and
an ionized deposition method has also been mentioned herein. The preparation of
carbon black by various processes has been reported. Moreover, carbon black is
also prepared by pyrolysis of polymer and hydrocarbon, plasma synthesis, and by
hydrolysis of natural resources. Carbon fibers of high performance derived from
different precursors are discussed in details. Carbon nanofiber is synthesized by
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CVD as well as electrospinning and template methods. Physical methods like laser
ablation, arc discharge, and chemical method like CVD are used to prepared carbon
nanotube effectively. Two approaches namely top-down and bottom-up are con-
sidered to discuss the synthesis of graphene by different methods. The methods are
discussed pictorially or diagrammatically where necessary.

Keywords Diamond � Fullerene � Graphite � Carbon black � Carbon fiber
Carbon nanofiber � Carbon nanotube � Graphene

1 Synthesis of Diamonds

1.1 History of Diamond Synthesis

Diamond is among the most expensive and nonreactive allotropes of carbon that is
naturally available on earth’s mantle. The production process of diamond from
carbon needs extreme pressure, temperature, and also quite a long span of time of
1–3 million years. Hence, diamond costs a lot until recent years, where humans
started preparing diamonds artificially using various techniques. In this subchapter,
a brief history about artificial diamond synthesis, different techniques, and its
probable mechanism of conversion from its precursor will be discussed. Basically,
there are four major processes followed for the synthesis of diamond: (1) conver-
sion of carbonaceous material mostly graphite into diamond by using
high-pressure–high-temperature (HT-HP) conditions; (2) direct conversion of gra-
phite into diamond using strong shock waves; (3) Conversion of carbon-containing
material like graphite into diamond using metal solvents; and (4) continuous
deposition of diamond onto a substrate using a seed material from hydrocarbon
gases.

Synthesis of diamond by artificial method by man requires high temperature at
least of approximately 1150 °C and pressure of 45 kilo bars. The synthesis of
diamond was first attempted in the year of 1880 by Hannay [1]. Later in the year of
1894, Moissan tried to prepare diamond. In the year of 1955, General Electric
Company Research Laboratory synthesized substantiate amount of diamond [2]. In
the same year, a Swedish farm Allmanna Svenska Elektriska Aktiebolage reported
to have synthesized diamond in bulk quantity. Meanwhile, in the year of 1960,
U. S. Army Electronic Research and Development Laboratory independently
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published a method of successful synthesis of diamond [3]. Basically, two distinct
thermodynamically feasible physicochemical processes were found to be proven
successful. (1) Under the condition of high pressure and temperature, a reaction
between carbon and an intermediate material produced during the process of syn-
thesis mentioned above. (2) Direct conversion of graphite into diamond by sub-
jecting the graphite to sudden and instantaneous high stress under explosive shock.
This process was first reported by the Stanford Research Institute of Menlo Park,
California [4]. An attempt reported by Union Carbide Corporation of Kenmore in
1962 involved high-temperature and low-pressure technique [5].

1.2 Different Methods for the Synthesis of Diamonds

In the subsequent sections of this chapter, a brief discussion on the instrumentation
part of diamond synthesis will be included.

1. BELT apparatus: Fig. 1 illustrates a rough idea about the most conventional
“BELT” apparatus of diamond synthesis by General Electric Company [6]. The
min design principal of the apparatus features high pressure generated by the
compressible preformed conical gasket. As mentioned, GE was capable of
synthesizing diamond artificially using this apparatus. Still, GE holds the
credibility of possessing the most effective technique to synthesize diamonds.

2. Supported stepped piston–cylinder: The cross-sectional view of the apparatus in
Fig. 2 was designed and used by the United States Army Electronic Research

Fig. 1 BELT apparatus for the synthesis of diamonds [7]
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and Development laboratory. This device was capable of generating and sus-
taining high pressure and temperature of up to 100 kilo bars and 2500 °C.

3. Multi-anvil apparatus: Fig. 3 indicates a rough diagram of the H. T. Hall’s
“multi-anvil” instrument of tetrahedral design. The prime design principal of the
apparatus is an extruded compressible gasket, which provides superior perfor-
mance. The major advantage of this apparatus includes minimized sample
deformation which is due to reduced displacement of compressible solid
materials from the pressurized cavity.

4. “Gridle” chamber: Figure 4 represents a cross-sectional view of the “Gridle”
chamber designed and developed by the “Battelle Memorial Institute”. The
geometrical appearance of this apparatus is almost comparable to the BELT
apparatus, with the difference of utilization of multiple steel binding rings
replacing the compressible gasket principle.

5. Explosive shock apparatus: The cross-sectional schematic view of the explosive
shock apparatus is shown in Fig. 5. The apparatus was first developed and used
by the Stanford Research Institute. An explosive charge is detonated against a
piston in order to develop a shock wave onto a solid cylindrical specimen at a
pressure of 400–500 kilo bars, and temperatures of 1000–1500 °C. This shock
wave was generated at a time interval of one microsecond. This is the process
successful in converting graphite into diamond.

Fig. 2 Supported stepped piston–cylinder apparatus for the synthesis of diamond [7]
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Fig. 3 Tetrahedral multi-anvil apparatus for the synthesis of diamond [7]

Fig. 4 “Gridle” chamber for the synthesis of diamond [7]

Synthesis/Preparation of Carbon Materials 5



1.3 Chemical Vapor Deposition (CVD) Technique

Other than abovementioned techniques, nowadays, some new techniques are
becoming more popular and efficient in synthesizing diamonds. Chemical vapor
deposition (CVD) techniques are more sophisticated and require precise controlling
of various parameters, and proved to be very efficient.

Chemical vapor deposition (CVD) technique: The CVD technique is also well
known as “Gas phase synthesis” of diamonds. Diamonds can also be synthesized
from hydrocarbon gases over a substrate and the process is favorable for graphite.
Hence, thermodynamically the process is in total contrast to high-pressure–
high-temperature technique where diamonds are more stable than graphite during
the synthesis process. Here, the co-deposition of graphite was dominated by the
hydrogen atoms present in excess quantity within the reaction chamber.

CVD or gas phase synthesis of diamond was for the first time reported by
Eversole, where a methyl group containing hydrocarbon gases like various alkanes
(methane and higher alkanes)methyl chloride, methyl mercaptane, and acetone was
passed over diamond powder at a temperature of 1000 °C and at a nominal pressure
of 50 torr [8, 9]. The diamond particles of the powder act as seed material in the
formation of diamonds. However, the deposition of black color carbon over the
surface hampers the diamond accumulation process, and the carbon accumulated
over the diamond was removed by heating in the presence of hydrogen gas. Hence,
for continuous diamond formation process, the repeated accumulation–cleaning has
to be carried out until our desired growth was obtained. In a nutshell, the diamond

Fig. 5 Explosive shock
apparatus for the synthesis of
diamond [7]
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growth process takes place at high temperature of 1000 °C, where methyl radical
formed by dissociating from its gaseous hydrocarbon reactant, which causes dia-
mond growth on the seed, and finally cleaning of the obtained diamond is done
using hydrogen gas at 1000 °C.

The three different CVD methods for the synthesis of diamond are used:
(1) hot-filament; (2) RF-wave; and (3) microwave. Figure 6 shows the schematic
diagram of hot-filament CVD apparatus for diamond synthesis. In the apparatus, a
tungsten filament is placed above the substrate where the diamond is supposed to
grow, and the distance between the substrate and the filament is almost 10 mm. The
filament is then heated up to about 2000 °C, and both the substrate and the filament
are inside a quartz tube of temperature around 600 °C that is placed inside a
furnace. The temperature of the substrate eventually goes as high as 1000 °C due to
the thermal radiation from the hot filaments and generates atomic hydrogen and
chemically active species like radicals and ions by dissociating the hydrocarbon
gases present inside the reactor. The chemically active species have long lifetime
sufficient enough to travel up to the substrate and cause continuous growth of
diamonds onto it. Figures 7 and 8 represent the CVD method of diamond synthesis
using RF-wave and microwave, respectively. Here, the diamond grows onto the
substrate which is submerged inside a mixture of hydrocarbon-hydrogen gas plasma
generated by RF irradiation and microwave irradiation.

Fig. 6 CVD methods for the
synthesis of diamond by
hot-filament technique [10]
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A generalized mechanism for the formation of diamond in the CVD technique
by microwave technique as proposed by Seteka is shown in Fig. 9 [10, 11]. Though
the exact mechanism of diamond synthesis is unclear, according to Seteka and his
group, the hydrocarbons and hydrogen gas mixture form active radicals inside the
chamber under the condition of plasma and these active hydrocarbon species dif-
fuses and gets adsorbed onto the substrate and subsequently deposits onto it.

Recently, ion beam sputtering method and an ionized deposition method were
reported to be a successful technique for the synthesis of diamond films over
substrate [12, 13]. However, the efficiency of these two methods was found to be
lesser than the CVD method. Further, Luo et al. in the year of 2015 reported
synthesis of diamond from carbon nanofiber under the condition of low pressure
and temperature [14]. Here, they have developed a new route to synthesize diamond

Fig. 7 CVD methods for the synthesis of diamond by RF-wave irradiation technique [10]

Fig. 8 CVD methods for the
synthesis of diamond by
microwave irradiation
technique [10]
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from carbon nanofibers in “Sperk Plasma Sintering” (SPS) system under the con-
dition of atmospheric pressure and low temperature.

1.4 Nanodiamonds (NDs)

Nanodiamonds were discovered much back in the 1960s by American and Russian
scientists, while the major exploration of NDs was started from the 90s. Due to its
excellent binding capacity with biological molecules like peptides, proteins, nucleic
acid, etc., it can be used in clinical applications. There are numerous ways for the
synthesis of NDs: (1) Detonation technique, (2) Laser ablation technique, (3) High
energy ball milling of high-pressure–high-temperature technique, (4) Chemical
vapor deposition (CVD) technique, (5) Autoclave synthesis from supercritical
fluids, (6) Ultrasound cavitation, and (7) Ion beam irradiation, etc. However, the
first three methods, i.e., detonation technique, laser ablation technique, high energy
ball milling of high-pressure–high-temperature technique are commercially viable
techniques for the synthesis of NDs [15, 16]. Detonation method is the most
extensively employed industrial method for the synthesis of NDs. In this method,
strong explosives are detonated in a closed vessel under negative oxygen balance.

Fig. 9 Plausible mechanism of diamond formation as proposed by Setaka [10]
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The average crystallite size of detonation nanodiamonds (DNDs) is 3–5 nm [17]. In
the laser ablation technique, pulsed laser ablation of a solid target results in the
synthesis of NDs. More detail about the mentioned synthesis techniques of NDs
does not come under the scope of this chapter.

2 Fullerene Synthesis

Fullerenes commonly known with the chemical formula C60 was traced by Smalley
and coworkers in 1985 in mass spectra of carbon soot prepared by laser vapor-
ization of graphite under constant helium gas flow [18–20]. It was noticed that the
amount of C60 species was quite significant. They proposed the structure of C60

species consisting of 20 numbers of hexagonal and 12 numbers of pentagonal rings,
which was very much similar to the previously developed architectural structures
known as “geodesic domes” as designed by R. Buckminster Fuller [21, 22]. The
C60 species was later named as Buckminster fullerene or in short Bucky-Ball.
However, the laser vaporization technique that was used for the preparation of C60

species and its other allotropes is far below its capacity of production in mass.
A well-defined study of fullerene requires macroscopic quantity of fullerene species.
In the subsequent section, a detailed discussion of the concepts of fullerene syn-
thesis will be incurred. Formation of fullerene clusters with varying chemical
structure C60, C70, etc., during the synthesis process is inevitable. Hence, the
separation method and purification of these clusters will also be included in order to
encapsulate complete knowledge on the production of fullerene.

2.1 Different Methods of Fullerene Synthesis

The different methods of synthesis of fullerene with varying yield % are mentioned
below.

1. Arc vaporization of graphite

This is the most basic and simple process for the synthesis of fullerene species using
graphite rods as the source of carbon. The procedure was designed by Kratschmer
and Huffman in the year of 1990, and hence known as Kratschmer–Huffman
method for macroscopic synthesis of fullerene [23]. In the apparatus, carbon soot
collected consists of good quantity of fullerene species. A simplified schematic of
the arc vaporization apparatus for fullerene synthesis is shown in Fig. 10. Three
major components of the apparatus are: (1) High current electric feedthrough,
(2) one movable electrode, and (3) Cool surface as carbon soot collector. The three
connected components of the apparatus are encased within a vacuum chamber up to
a pressure of � 10−3 torr.

10 P. Bhagabati et al.



In a typical experiment, two pure graphite electrodes are placed facing each other
and other ends of each rod are connected to high current feedthrough. Vacuum of
� 10−3 torr is applied to the chamber, followed by filling it with helium gas to a
pressure of 150–250 torr in order to make a suitable inert environment to carry out
the process. It is important to mention that both oxygen and moisture significantly
inhibit the formation of fullerene. Then, the high current of around 100–200 A is
passed through the two graphite rods. As optimized by the research group, it was
mentioned that efficient fullerene formation was possible for graphite rods of
6.25 mm diameter with current of 100–200 A, where the rate of consumption of the
graphite rods are 5–10 mm/min, and the carbon soot are collected onto a water or
air-cooled surface and are stored in containers by easily brushing off the surface.
This carbon soot contains a mixture of a variety of carbon species including full-
erene species of chemical formula C60 and larger. Hence, the separation and the
purification of our desired fullerene components are crucial and needs vast atten-
tion. Detailed processes of isolation and purification of different fullerene compo-
nents from the carbon soot has been discussed in Sect. 2.2

2. Laser ablation of graphite

Another technique for macroscopic level fullerene synthesis is laser ablation of
graphite under the inert environment of helium. This technique of fullerene pro-
duction was initially ineffective due to the faster cooling of dense carbon plasma
formed during the laser vaporization process. Such rapid cooling of carbon plasma
could not provide enough time to rearrange the carbon fragments into stable and
closed structures fullerene. However, Smalley and coworkers again made excellent
modification through carrying out laser ablation of graphite at elevated temperature,
which led to the efficient production of fullerene species at macroscopic quantity.
A typical laser ablation apparatus for macroscopic production of fullerene is
illustrated with a schematic diagram in Fig. 11.

In this technique, the graphite rod is ablated by the application of laser under
high temperature of 1200 °C inside a furnace. The ablation of graphite at elevated
temperature lets the carbon plasma to cool down slowly and thereby sets enough

Fig. 10 Schematic illustration of arc vaporization apparatus for fullerene synthesis [24]
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time for the carbon fragments to form fullerenes. Other benefits of laser ablation
technique include the capability to change the characteristics of carbon plasma
through varying the laser pulse energy and wavelength. Besides, varying the fur-
nace temperature as well as the buffer gas pressure, it is possible to control the
growth of the fullerene species.

3. Hydrocarbon combustion technique

In the year 1991, the macroscopic synthesis of fullerene by combustion of hydro-
carbons was first reported by Scott [25]. Combusting a mixture of benzene and
oxygen of ratio 1:1 using a laminar flow flame led to production of significant
quantity (0.3%) of fullerene species in the obtained carbon soot. However, the yield
of this technique is lower than the yield of the previously mentioned processes. The
most important characteristic of this technique includes the ability of continuous
operation by scaling-up the hydrocarbon combustion. Besides, varying the flame
characteristic influences the size distribution of the fullerene species. Commercial
plant for the production of fullerene by hydrocarbon combustion was recently been
started in Japan that possesses a total capacity of 40 metric ton production of C60

per annum, which paved new era in the production of low-cost fullerene production
[26]. United States (U.S.) is also establishing such low-cost fullerene production
plant through improved combustion technique of hydrocarbon combustion [27].
Hydrocarbon combustion technique unlike electric arc discharge and laser ablation
technique is a continuous process; hence it has tremendous potential for fullerene
synthesis commercially. In 1998, Alford et al. developed a combustion apparatus
industrially viable for the production of fullerene [28]. The major component of this
apparatus that improves the efficiency of the typical combustion technique is a
porous refractory plate burner. This technique was capable of producing multi-tons
of fullerenes per year. Though the hydrocarbon combustion technique of fullerene
synthesis is very efficient among all other processes, the actual mechanism of
fullerene formation in the flames is not yet clearly been understood.

Fig. 11 Typical schematic illustration of laser ablation apparatus for macroscopic fullerene
synthesis [24]
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2.2 Extraction of Fullerene

The crude carbon soot obtained during the synthesis process of fullerene contained
mixture of different types of fullerenes (e.g., C60, C70 and higher) and carbon
allotropes. Hence, extraction and separation of fullerene species is an essential step
to be performed in obtaining pure fullerenes. The commonly followed technique to
extract fullerenes from the crude carbon soot is solvent extraction technique. The
technique involves exposing of the carbon soot to a liquid organic solvent for a long
period of time in order to transfer the soluble material into the liquid. Initially,
benzene was used as the solvent to extract fullerene species from the carbon soot.
Besides benzene, hexane, heptane, pyridine, and tetramethylbenzene were all used
as organic solvent in the extraction process. Nowadays, toluene is extensively used
as the extracting solvent for the safety purpose. The soot obtained in the production
process is extracted in toluene using Soxhlet apparatus. The continuity of the
extraction process provides great benefit to the output of the process. The com-
pletion of the extraction process of fullerene species from the carbon soot can be
determined as and when the toluene condensed in the extractor becomes colorless.
The fullerene species extracted from the soot contains a mixture of C60, C70, and
other higher allotropes. In that case, the separation of individual fullerenes from
each other can be done by chromatographic technique. It is to mention that hexane
and heptane are capable of extracting C60, C70 while tetramethylbenzene recovers
higher molecular weight fullerenes. Further extraction using hexane or heptane
followed by tetramethylbenzene provides the chance of fractionating the carbon
soot into C60, C70, and its higher molecular weight homologues.

Another method of fullerene extraction from carbon soot is sublimation tech-
nique. The process involves evaporation of volatile materials under vacuum or
under inert atmosphere into gaseous phase at a constant temperature that is above
sublimation temperature of the desired fullerene species. It is reported that
depending on the type of carbon soot and the purity of carbon the sublimation
temperature of C60 is within the range of 400–600 °C. After sublimation, the
fullerene species are collected in the individual chambers of air-cooled collectors.

Recently, supercritical fluid extraction (SFE) technique has also effectively been
introduced in order to obtain maximum purity of obtained fullerene species.
Though liquid extraction technique is the most conventional and efficient technique
registered till date in extracting fullerenes in bulk quantity, the time-consuming
nature and requirement of large amount of solvents and its subsequent evaporation
and fractionation process show the negative side of the process. SFE is reported to
be more selective towards the desired fullerene species in the extraction process. In
the SFE technique, a homogeneously dilute mixture of a strong organic solvent like
toluene with a poor solvent power medium like supercritical CO2 fluid under high
pressure is employed.

Saim et al. published their work of investigation on using SFE technique to
extract fullerene species, where they have adjusted the recovery and selectivity of
SFE for fullerene species from carbon soot using different solvent mixtures
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temperatures and pressures. Quantitative recovery of C60 fullerene was reported by
the same group by employing moderate concentrations of aromatic solvent modifier
like toluene [29].

3 Synthesis of Graphite

Graphite is a carbonaceous material consisting of numbers of parallel graphene
layers bound together by weak van der Waals force. Apart from the mere appli-
cation of pristine graphite, contemporary researches involve modification of gra-
phitic layers, improvement of processing and retaining electrical properties in
composites, separation of graphene layers, coating of graphitic layers on to other
materials, graphite encapsulated metal nanoparticles [29], etc.

3.1 Graphite Electrode

The idea of using graphite as electrode material has started more than a century
back. Graphite electrodes are widely used in industrial manufacturing of aluminum.
Mixture of petroleum coke with ca. 20% binder pitch is extruded in the desired
shape of electrode. For anodes, ca. 15% pitch is added as binder. The extrudate is
then baked at 850 °C to transform binder pitch to pitch coke, which is further baked
at 3000 °C to graphitize the extrudate to form graphite electrode [30, 31].

3.2 Water-Soluble Graphite

Several efforts have been made by the researchers to solubilize graphite in water.
Graphite is oxidized with strong acids and exfoliated ultrasonically [32, 33] or by
means of thermal exfoliation [34] to yield graphene layers. The functionalized
(–OH, –O–, –COOH, >C=O) graphitic layers have been studied by the researchers
extensively to achieve water-soluble graphite which can be beneficial for easy
processing to prepare different composites. The >C=O and –COOH groups exist in
the periphery of the layers, whereas the –OH and –O– groups exist in the interior of
stacked multilayers which enhances interlayer spacing from 0.34 nm (graphite) to
>0.6 nm (graphite oxide) [35]. Irrespective of the exfoliation method, the graphene
oxide layers prepared from exfoliated graphite oxide consists of defects and oxygen
functionality. Therefore, apart from achieving water solubility, the oxygen func-
tionality and the defects should be reduced to recover the electronic properties of
graphene sheets by rigorous reduction process [36]. Moreover, graphitic nanopla-
telets are dispersed into polymeric matrices using suitable dispersing agents, which
exhibit the adverse effect for some applications [33, 37]. Depending on the
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reduction process, conditions and reagents water solubility may differ widely. For
example, very less water solubility (*0.5 mg/ml) is achieved while graphite oxide
is reduced in presence of ammonia [38]. Efforts have been made to overcome such
drawbacks. Si et al. [36] suggested a three-step method to separate graphitic layers:
(i) removal of the majority of the oxygen functionality by treating graphene oxide
with NaBH4 for 1 h at 80 °C, (ii) sulfonation with aryl diazonium salt of sulfanilic
acid for 2 h using ice bath, and (iii) removal of remaining oxygen functionality by
postreduction with hydrazine for 24 h at 100 °C. A reasonable solubility to the
extent of 2 mg/ml was achieved at broad pH range of 3–10.

Water-soluble graphite nanoplatelets may also be synthesized by oleum exfoli-
ation of graphite. According to the method followed by Mukherjee et al. [39],
benzoyl peroxide was added to the dispersion of defect-free graphite in benzene
(Fig. 12) and the mixture was then heated for 2 h at 80 °C yield phenylated gra-
phite. The dispersion of the phenylated graphite in oleum, i.e., H2SO4 with 20%
free SO3, was again heated for 4 h at 80 °C in inert atmosphere (argon) to yield
phenyl sulfonated graphite which was then reacted to 1 M NaOH in similar tem-
perature and inert condition to yield phenyl sulfonated salt of graphite. The solu-
bility of the modified graphite salt was found to be 2.1 mg/ml. The sheet resistance
of the phenyl sulfonated graphite platelets was found to be 212 X/sq in comparison
to 960 X/sq as exhibited by the pristine graphite.

3.3 Expanded Graphite

Expanded graphite (EG) is a foam-like network structured graphite which can be
used as adsorbent material to remove dye [40], pesticide [41], heavy oil [42], etc.,
as well as to prepare lightweight carbon-based articles. A typical example of the
porous network structure of EG [43] has been shown in Fig. 13. Inside the layers of
graphite, different atoms, ions or molecules may be inserted to produce graphite
intercalation compounds (GICs). Modified EG with highly crystalline structure may
be obtained by using H2SO4 as intercalator and H2O2 as oxidant which exhibits

Fig. 12 Schematic representation of the synthesis of water-soluble graphite nanoplatelets by
oleum exfoliation of graphite [39]
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high adsorption efficiency towards oils. Sorption capacity increases with the
increase in viscosity of oil following the trend: gasoline < kerosene < diesel
oil < machine oil < crude oil < gear oil. For the modified EG with expanded
volume of 320 ml/g, the sorption capacity for gear oil may be as high as 84.681 g/g
[43]. Porous structure of EG is obtained after vaporization or degradation of GICs
by rapid heating. EG obtained by thermal treatment of GIC is known as thermally
expanded graphite (TEG). While being heated, the layers of graphite experience
outward thrust along c-axis direction and the interlayer spacing increases. Graphite
layers intercalated with anions inside the interlayer spacing are known as graphite
salts. Penetration of bisulphate (HSO4

�) ion into graphite lattice produces graphite
bisulphate through different stages [44]:

(i) transport of a substance to the graphite host;
(ii) its adsorption by the surface along with separation of the transporting agent;
(iii) intercalation into the host;
(iv) diffusion within the host; and
(v) reaction between different intercalation stages.

The first stage is known as “blue graphite” because of its bluish color, whereas
its color in subsequent stages is black. The lattice spacing for pristine graphite is
3.354 Å, whereas that of graphite bisulfate is 7.98 Å. During the first stage (heating
at 200 °C), the lattice spacing increases to 11.33 Å, which further increases to
21.46 Å at the end of the fifth stage [45]. Graphite bisulfate can be prepared by
swelling graphite rod in oleum (fuming sulphuric acid with 30% free SO3). Cataldo
et al. [46] prepared EG from carbon arc submerged in oleum at low (3 V, 5 A) and
high (25 V, 10 A) current. The threshold concentrations of intercalation of weak
acids via chemical method are very high, e.g., nearly 100% H3PO4 and H4P2O7,
whereas the threshold may be attained at relatively less concentrations for strong
acids, e.g., 75% for HNO3 and 63% for H2SO4 [47]. Although intercalation of weak
organic acid, e.g., formic acid is reported [48], it may not be possible to intercalate
many weak protonic acids like H3BO3 inside graphitic layers. Graphite bisulfate
can be synthesized by either chemical [49] or electrochemical process. Intercalation
of inorganic acids into graphitic layers in electrochemical method involves the
following four stages [50]:

Fig. 13 Porous morphology of expanded graphite at different magnifications [43]
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(i) induction period, i.e., oxidation and stress build-up within carbon network,
(ii) introduction of intercalates, i.e., diffusion of anions inside carbon

macro-cations formed,
(iii) over oxidation of graphite salts with partial deformation of graphitic layers,

and
(iv) oxidation of water yielding O2 which is released as O2, CO, and CO2.

Thermally expanded graphite may be manufactured using “cyclone type”,
“opposite type” or other modified reactors [51]. Apart from conventional chemical
or electrochemical processes, EG may also be synthesized via other nonconven-
tional routes. Microwave-assisted synthesis route is very fast where an exposure of
30 s of mixture of graphite flakes, H2SO4, KMnO4 and H3PO4 to 350 W yields EG
[52]. Graphitic layers can be exfoliated by using ultrasound within wide range of
frequency viz. 20–500 kHz [53]. Time of ultrasonication, type of solvent, cen-
trifugation parameters, and processing temperature do not have significant influence
on the type of graphite flake size distribution; however, mean size of graphite flake
is greatly affected by the increase of ultrasonication and centrifugation time [54].
Sonochemical synthesis of potassium-graphite (KC8) GIC at 20 kHz frequency and
acoustic power density of 17 W/cm2 reduces time of synthesis to less than 5 min in
comparison to the solid-state synthesis at 150–200 °C requiring 1–8 h [55].
Exfoliation of graphitic layers may be improved after providing thermal shock at
1050 °C for 15 s by exposing it to ultrasonic irradiation at 100 W [56].

3.4 Hydrothermal Synthesis of Graphite

Hydrothermal treatment of different polymers, metal carbides, etc. in the form of
chips, powders, or fibers may result in graphitization. Formation of graphitic carbon
is highly dependent on synthesis conditions, i.e., temperature and pressure as well
as on the reagents. For example, graphitization of poly(vinyl chloride) is possible at
600 °C temperature and 100 MPa pressure while reacted with CaCO3 and water;
whereas in the absence of these two reagents, graphitization is not possible even at
1400 °C and 1 GPa. Graphitization of carbon can be improved at the water pressure
of 1 GPa at 900 °C [57]. Hydrothermal corrosion of SiC yields methane and SiO2.
However, graphitic carbon with layer thickness ranging from 10 nm to 2 lm may
also be synthesized hydrothermally from SiC at 100 MPa for 25 h within the
temperature range of 300–600 °C following the reaction [58]:

SiCþ 2H2O ! SiO2 þCþ 2H2

Hydrothermal synthesis of carbonaceous materials may yield different shapes.
Formation of different types of carbonaceous compounds including graphitic layers
using poly(ethylene) (PE) and ethylene glycol (EG) as precursors of hydrothermal
synthesis at different temperatures and pressures has been shown in Table 1, as
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investigated by Libera et al. [59]. Flake-like graphite or tubular shaped carbon
(diameter up to 1300 nm) with graphitic layers can be produced using this method.

3.5 Graphite Encapsulated Metal (GEM) Nanoparticles

In recent days, core–shell structured graphite encapsulated metal (GEM) nanoparti-
cles have been drawing the attention of researchers because of its potential application
in drug delivery, hydrogen storage [60], absorption of heavy metal ions [61], catalyst
[62], etc. These particles exhibit immunity towards environmental degradation and
strong corrosive medium. In its structure, nanocrystalline metals exist in the core, and
the shell constituted of several layers of graphite/graphene. GEM nanoparticles were
first discovered by Tomita et al. [63] and Ruoff et al. [64] where the syntheses of LaC2

were carried out using the Krätschmer–Huffman arc discharge method [65]. Modified
tungsten arc discharge method improves the encapsulation efficiency by reducing the
amount of carbon deposition [66]. In this method, metal particles (e.g., iron, nickel,
cobalt etc.) are kept in a graphite crucible which acts as anode, whereas a tungsten rod
is used as cathode. Wide spatial distribution of arc plasma facilitates encapsulation of
molten metals to form core–shell structured nanoparticles. During the synthesis of
GEM nanoparticles in arc discharge method, the growth mechanism is based on
coalescence. A two-step mechanism of GEM synthesis was suggested by Elliot et al.
[67] where the metal block was separated from the graphite crucible by using a
graphite foil, and mean particle size ranging between 7 and 14 nm was obtained by
controlling the velocity of helium jet within the range of 56–20 m/s. Encapsulation
efficiency can be tuned effectively by controlling the evaporated carbon:metal ratio,

Table 1 Different types of carbonaceous deposits including graphitic structures prepared from
hydrothermal synthesis [59]

Precursor
formulation ratio
(w/w)

Temperature
(°C)

Phase 1
Pressure
(MPa)

Phase 2
Pressure
(MPa)

Carbonaceous deposits

Polyethylene + H2O 750 100 n/a Carbon films and spheres of
amorphous characteristics

Ethylene
glycol + H2O

400–800 100 n/a Carbon films and spheres of
amorphous characteristics

Polyethylene
chips + H2O + Ni
PE: H2O = 0.68–
1.21: 1

740–760 79 100 Carbon films and spheres of
amorphous characteristics
Graphitic depsosits + tubes

Polyethylene
chips + Ni

760 67 103 Carbon films and spheres of
amorphous characteristics

Ethylene
glycol + H2O + Ni
Ethylene glycol:
H2O = 7.85:1

730–800 52 90 Graphitic deposits + tubes
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specifically in the thin coalescence region. The discharge may be carried out at the
voltage of 30 V, current of 100 A and pressure of 200 Torr in helium atmosphere.
The use of ethanol yields improved encapsulation efficiency as carbon source in
comparison to diamond powder [29]. Formation of monolayer graphite in stepped
surface of thermally annealed Ni has been reported by Shikin et al. by cracking of
propylene at 500 °C temperature and 1 � 10−6 mbar pressure for 5 min duration
[68]. Apart from ordinary GEM particles, magnetic carbon spheres (MCSs) con-
taining magnetic inorganic particles in core and surrounded by graphitic layers may
also be synthesized via different processes, viz., chemical vapor deposition [69],
pyrolysis of organometallic polymers [70], magnetron and ion beam co-sputtering
[71], self-generated template method [72], arc discharge [73], pulsed laser decom-
position of organometallic species [74], hydrothermal carbonization [75], etc.

3.6 Miscellaneous Synthesis of Graphite

Apart from the conventional synthesis methods, several literatures reveal synthesis
of graphite in nonconventional routes. Graphite ribbon can be synthesized by fusing
benzenoid hydrocarbons via electrophile-induced cyclization route [76]. Graphite
can also be manufactured by using high dose of carbon ion beam at
1 � 1018 C+/cm2 and 60 keV at the temperature of 600 °C [77]. Although graphite
exists with layered morphology, helical structured graphite can be synthesized
carbonizing helical polyacetylene (H-PA). Axially chiral biphenyl derivatives may
be used as chiral dopant to prepare chiral nematic liquid crystals from nematic liquid
crystals because it exhibits improved helical twisting power in comparison to
asymmetric carbon-containing chiral dopants. Helical polyacetylene can be syn-
thesized at 5–25 °C from the mixture of liquid crystals in presence of Ziegler–Natta
catalyst and triethyl aluminum cocatalyst. Helical carbon film is obtained by car-
bonizing helical polyacetylene at 800 °C [78]. Application of direct current of
+15 V to carbon electrode in aqueous H2SO4 medium followed by ultrasonication in
dimethyl sulfoxide medium leads to exfoliation of graphite of the carbon electrode to
produce graphite nanoplatelets of thickness 2.8–5.8 nm [79]. Synthesis of graphite
has also been reported from the reaction of calcite with hydrogen which initiates at
high temperature (500 °C) and high pressure [80]. Room temperature synthesis of
graphite from mercuric carbide may be accomplished at very high pressure
(ca. 15,000 atm) using a hydraulically operated tungsten carbide piston in a hollow
steel cylinder [81]. Chlorination of ferric carbide in argon atmosphere yields graphite
while heated at 600–100 °C [82]. Rod or pin-like polyhedral crystals of graphite may
be prepared at 1000–1300 °C by using oxy-acetylene torch maintaining oxygen:
acetylene ratio (v/v) at 0.9 and acetylene flow rate at 2 l/min [83]. Nevertheless,
graphite can also be prepared by thermal decomposition of inorganic carbides by
using laser. Ohkawara et al. [84] prepared graphite by irradiating sintered a-SiC by
using pulse infrared laser (k = 1064 nm, energy density of 150 J/cm2, shot time of
5 ms) in the presence and also in the absence of pitch and boron carbide as binder.
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4 Preparation of Carbon Black

The ultrafine structured carbon black is manufactured by the combustion of
hydrocarbons in the limited presence of air. Since long, black colored materials as
coloring agent have been obtained by charring various carbonaceous materials like
wood, oils, etc., without any specified conditions. The blacks obtained this way
were impure with variation in chemical composition in comparison to currently
available blacks that are available as per required purity. The common areas of
application of such carbon blacks are for making inks, cosmetics, tires, and other
areas. Carbon black, manufactured in the present days is virtually pure elemental
carbon, which is obtained by the partial combustion or controlled thermal
decomposition of gaseous or liquid hydrocarbons. It appears in the form of pellet or
black fluffy powder. It is made of carbon atoms arranged in plane layers of aromatic
rings, where electrons can move easily along the layers which lead to its electrically
conductive behavior. Carbon black is used in polymeric products, paper, pigment,
etc. for diversified applications. Its important applications include reinforcing filler
for rubber products like tire, belt, automotive parts, etc. Moreover, the UV resis-
tance property of carbon blacks introduced its widespread applications in plastics
where UV resistance is a necessary criterion like in outdoor water storage tanks etc.,
and for printing inks for newspapers and magazines.

4.1 Carbon Black Manufacturing Processes

Various manufacturing processes are followed to produce carbon black. Most of the
production process involves partial or controlled combustion of hydrocarbons such
as oil or natural gas [85]:

• Channel black process
• Gas black process
• Thermal black process
• Acetylene black process
• Lamp black process
• Furnace black process.

4.2 Channel Black Process

The channel black process involves combustion of natural gases is burnt with a
continuous small wide thin luminous fan-shaped flame [85]. Air in restricted
amount for complete combustion is supplied to the natural gas, and the produced
carbon black is deposited through impingement upon the flat undersurface of
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moving channels [86]. The deposited carbon black is scrapped off, collected, and
stored in storage silos. The channel process produces carbon black with a particle
size of around 10–30 nm. The channel process is not being utilized nowadays
because of pollution hazards and economic issues.

4.3 Gas Black Process

The major principle of the process is thermal oxidative decomposition, where the
black is formed in a diffusion flame. The particle size of carbon black manufactured
in this process ranges between 10 and 30 nm. The properties of this black are very
close to that of channel black and known as the reinforcing part of tires [85]. Here
coal tar is the main feedstock, which is vaporized using a hydrogen-rich gas burner.
The formed flame is generally put in contact with a water-cooled roller, where the
carbon blacks get deposited. These blacks are then filtered as per its size and
pelletized as per requirement.

4.4 Thermal Black Process

The process involves thermal combustion of natural gas into elemental carbon and
hydrogen under the condition of elevated temperature. The process is a cyclic
operation, where natural gas is fed to combust the material into carbon of high
purity. The endothermic process of decomposition of natural gas led to cooling off
the furnace inside of which the whole process took place, and the furnace id
reheated by utilizing the hydrogen gas evolved during the process (Fig. 14) [85].
The particle size of the carbon black synthesized in thermal black process is gen-
erally higher than 180 nm.

Fig. 14 Schematic representation of the thermal black process
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4.5 Acetylene Black Process

Acetylene black is a commonly applicable additive in conductive rubbers and
plastic materials and for dry cell as well. The production process involved con-
tinuous thermal decomposition of acetylene gas in the absence of oxygen gas. In the
procedure of formation of this black, the reactor containing acetylene gas is heated
to 600 °C by the combustion of the gas, followed by continuing acetylene gas
combustion in absence of oxygen flow. The rapid combustion of acetylene gas led
to formation of carbon and hydrogen gas, which is used further for heating. The
cooling of the reactor is made by the water circulating cooling coils wrapped all
around the reactor. In the process, the carbon black is formed in aerosols which are
gradually extracted by removing the moisture [85].

4.6 Lamp Black Process

Lamp black is probably the oldest pigment known for use as black pigment in
printing inks, shoe polishes, carbon paper, ceramics, and cements. The process
involves uneven combustion of carbonaceous materials rich in carbon content like
various resins, fatty oils and acids, coal tar, etc. the feedstock of the process is
mostly burnt in presence of limited air supply, leading to deposition of carbon in the
form of sot at considerable quantity. Lamp blacks are generally of large particle size
(110–120 nm) [85] (Fig. 15).

4.7 Furnace Black Process

Carbon black production from furnace black is the current trend globally. This
process utilizes heavy aromatic oil as feedstock. The process involves exposing the
primary raw material to a hot gas stream by burning fuel like natural gas or oil
(Fig. 16). The vaporized primary feed then undergoes pyrolysis and form carbon

Fig. 15 Schematic representation of the lamp black process
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black and gases [85]. This process yields carbon blacks with particle size ranging
from 20 to 100 nm.

4.8 Miscellaneous Synthesis Methods of Carbon Black

4.8.1 Pyrolysis of Hydrocarbons

In the simplest way, carbon black may be obtained from the soot produced during
thermal degradation of hydrocarbons. Mohan et al. [87] used kerosene oil, paraffin
wax, lubricant oil, and diesel as precursors to prepare carbon black. The use of
diesel as precursor yielded the product with the least disorder in crystallinity,
whereas the use of lubricant oil yielded carbon black with the highest crystalline
disorder. Nevertheless, carbon black obtained from diesel soot was found to have
the smallest diameter (ca. 48–57 nm) as well as high purity (ca. 97.17% carbon
content) (Fig. 17).

Fig. 16 Schematic representation of the furnace black process

Fig. 17 SEM micrograph and electron dispersive spectroscopy (EDS) analysis of soot produced
from the atmospheric combustion of diesel [87]
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4.8.2 Pyrolysis of Polymer

Pyrolysis of polymers may also be carried out to produce carbon black. Aromatic
fuels have higher tendency in comparison to aliphatic ones to produce carbon black
at lower fuel to air ratio [88]. Ring-fracturing reaction leading to hydrocarbons is
attached on to phenyl radicals, which lead to the formation of aromatic ring net-
works. Initial nucleation for carbon black synthesis takes place at these aromatic
rings [89]. Vie et al. [90] synthesized carbon particles of diameter ranging between
50 and 300 nm by pyrolysis of resorcinol-formaldehyde copolymer. The pore size
distribution was found to be ca. 38 nm (N2 adsorption isotherm) with micropore
volume of 0.4 cm3 g−1 which was much higher than that of commercially available
grade Vulcan XC 72 (0.06 cm3 g−1).

4.8.3 Plasma Synthesis

Guo et al. [91] synthesized ultrafine carbon black by pyrolizing high density
polyethylene (HDPE) and polystyrene (PS) by using direct current thermal plasma
process. In that process, initially, HDPE and PS were catalytically or thermally
pyrolized in a graphite chamber. For catalytic pyrolysis, catalyst pellets containing
30 wt% BaO/Silica were used. After pyrolysis, the produced hydrocarbon gases
liquids and gases were passed through DC plasma jet of maximum power of 20 kW
with torch efficiency 90%. Nitrogen was used in this process as carrier gas. The
average diameter of carbon black was found to be as low as 56 nm. In this process,
a maximum of 85% of recovery from PS was achieved. In this process, carbon
black, manufactured from waste PS by pyrolizing at 900 °C, exhibited comparable
surface area of ca. 142.5 m2 g−1 (BET isotherm) in contrast to that obtained from
commercially available PS (155.9 m2 g−1).

Another preparation method for carbon black involving AC plasma arc was
reported by Yuan et al. [92]. Carbon black nanoparticles were produced by cracking
of gaseous propane by using plasma arc with power of 15 kW. The average particle
size was found to be 80 nm. However, the BET surface area of the produced carbon
black was improved from 96.7 to 113.2 m2 g−1 by treating with nitric acid.

Carbon black may also be synthesized from solvents by liquid phase plasma
process. For example, Thai et al. [93] exposed benzene precursor to AC plasma of
250 V at 30 kHz for 30 ls pulse time. BET surface area of the synthesized carbon
black (163 m2 g−1) was higher in comparison to that of commercial carbon black
(127 m2 g−1). Subsequent activation of synthesized carbon black by treating with
KOH followed by heat treatment in inert atmosphere resulted in BET surface area to
significantly high value of 3562 m2 g−1.
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4.8.4 Hydrolysis of Natural Resources

Carbon black may also be produced by thermal treatment of natural resources.
Wang et al. [94] produced carbon black from rice husk by hydrolysis, carboniza-
tion, and pyrolysis processes. As per the claim, thus prepared carbon black con-
tained the high surface area and pore volume and also exhibit graphitic structure.

4.9 Synthesis of Activated Carbon

Activated or conductive carbon also known as graphitized carbons possessing high
specific surface area is prepared by graphitization, followed by ozone treatment and
then chemical activation process. This process includes two activation steps, where
the first step produces higher specific surface area, with poor structural order than
the process involving graphitization followed by second step of activation. The step
of ozone treatment leads to attachment of large number of C–O functional groups
onto the surface of carbon black. This treatment facilitates activation [95].
High-performance carbon black with high surface area (2700 m2 g−1) and more
pore volume (1.98 cm3 g−1) carbon blacks may also be prepared by method facile
method of using phosphoric acid [96]. Activated carbons can also be formed via
combustion of olive stones in an inert atmosphere followed by activation with
carbon dioxide or zinc chloride, which lead to the formation of high surface area.
Such active carbons have very low ash content and complete absence of sulfur [97].
Activated carbons with high surface area can also be prepared by KOH treated
coconut shell. Greater degree of KOH treatment of coconut shell at elevated tem-
perature results formation of highly activated carbons [98]. Similarly, macadamia
nutshell was also investigated by researchers to produce activated carbon by car-
bonization, oxidization at stepped heating followed by activation in inert atmo-
sphere at elevated temperature [99]. However, physical activation process may also
be followed to produce activated carbon black by using steam [100], CO2 [101],
etc., in conventional heating as well as microwave heating [102].

Apart from the abovementioned types, a specific terminology is used as white
carbon black (WCB) which, however, is basically composed of SiO2⋅nH2O. It has
properties similar to carbon black, and may be used as its substitute in different
fields of application like coating, medicine, paper making etc. [103].

5 Synthesis of Carbon Fiber

5.1 Introduction

Carbon fibers have several micrometer-sized diameters. Filamentous carbon fibers
have aspect ratio higher than 100. Bamboo-char filaments are the first ever known
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carbon fiber. They were used in the incandescent light bulb in 1880 by the famous
scientist Thomas Alva Edison. As time progressed, carbon fibers were replaced by a
tough element tungsten in light bulb applications. In the mid-period of the nine-
teenth century around 1950, necessity came from aerospace field to develop
high-performance lightweight material. The importance of carbon fibers was felt
once again. Now it was introduced as a reinforcing fiber in conjunction with
plastics, metals, ceramics, and bulk carbons. High strength of these composite
materials makes it one of the most demanding engineering materials [104–106].

PAN-based carbon fiber is stronger as compared to fibers obtained from other
sources because of its greater carbon yield (>50% of the original precursor mass)
[107]. Carbon fiber synthesis is mostly done in liquid phase and at temperature of
4100 K and pressure of 123 Kilo bar. The major precursor of carbon fiber is organic
and is completed its preparation in three steps: stabilization of precursor at 300 °C,
carbonization of the stabilized material at 1100 °C, followed by graphitization at
above 2500 °C. The fibers up to the second step are called as carbon fiber and up to
the third step are called as graphite fiber [105, 108].

Activated carbon fibers (ACF) offer several advantages compared to granular
activated carbon (GAC) and powdered activated carbon (PAC) [109].

5.2 Synthesis Method

High-performance carbon fibers are derived from mesophase pitch or polyacry-
lonitrile (PAN). The higher strength of PAN-based fibers is due to the presence of
turbostratic crystallites that restricts development of any flaw due to its complex
interlinked structure [110]. Carbon fibers study has started in the late 1950s and the
industrial production started in 1963. Nowadays, they have gained technological
and commercial importance in the fields of aerospace, construction, sports, elec-
tronic device, and automobile industries [106, 111, 112]. Carbon-fiber-reinforced
plastics (CFRPs) are considered as an alternative to heavy, iron-based parts in the
automotive industry [113]. Use of carbon fiber based cement composites is
attaining a lot of interest due to its capability to sense structural and electrical
actuation and are able to sense both the compressive as well as tensile stress [114].
For producing carbon fibers, the carbon atoms are bonded together in crystals in
such a manner that they get aligned more or less parallel to the long axis of the fiber.
This aspect is specially taken care of because the crystal alignment in parallel
direction gives the fiber high strength-to-volume ratio. Bundling large number of
carbon fibers make then useful as woven fabric [110].

The most common method for synthesizing carbon filament or fiber is from
polymer such as polyacrylonitrile (PAN), rayon, or petroleum pitch, known as a
precursor. While general purpose carbon fibers are produced by melt blowing of
isotrope pitch, but the high-performance carbon fibers are developed by melt
spinning of mesophase pitch [115]. As PAN or Rayon are synthetic polymers, so an
additional step is incorporated here, that is aligning the polymer molecules through
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spinning the polymers into filaments, and the process may vary based on the
manufacturer. This is followed by heating the filaments in order to remove all the
non-carbon elements, which may further be treated differently to improvise the
properties of final carbon fiber. The entire process can be categorized into five steps,
viz., spinning, stabilizing, carbonizing, treating the surface, and sizing [104, 110,
116, 117]. Each step is described below.

5.2.1 Spinning

PAN monomer that is acrylonitrile is taken in powder form and is mixed with
another plastic, like methyl acrylate or methyl methacrylate, and the reaction is
carried out under catalytic conditions. The catalysts used are itaconic acid, sulfur
dioxide acid, sulfuric acid. The reaction is carried out using conventional suspen-
sion or solution polymerization process.

The PAN obtained is spun into fibers by following different methods. In a
method, the reaction mixture is mixed with certain chemicals, drawn through a tiny
orifice into a batch of chemicals and then quenched with water to obtain fibers. This
method is the same as the one used for obtaining polyacrylic textile fibers.

In every case, the fibers are further cleaned with water, and stretched to obtain
the required diameter of the fiber. It is also important to mention that the stretching
of the fibers led to alignment of the molecules.

5.2.2 Stabilizing

The stabilization is carried out to convert the linear atomic bonding of the carbon
fiber into thermally stable structure. Heating the fibers in the presence of oxygen to
about 390–590° F (200–300 °C) for 30–120 min leads to breakage of several
bonds thereby helping the fibers to catch up larger amount of oxygen molecules and
cause rearrangement of atoms in molecular level. The chemical reaction involving
in the stabilization is endothermic and needs proper precaution to keep the fibers
unaffected by the heat. Commercially, the stabilization process uses a variety of
equipment and techniques. Some methods make use of series of heated chambers
for drawing out fibers. The other alternative is passing the fibers over hot rollers and
through beds of loose materials held in suspension by a flow of hot air. Another
option is using heated air mixed with certain gases that chemically accelerate the
stabilization.

5.2.3 Carbonization

Carbonization is followed by the stabilization process of the fibers, heating under
anaerobic condition at 1000–3000 °C for specified period of time. The inert gas
pressure is maintained higher than the atmospheric pressure, and the absence of
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oxygen resists the fibers to get burnt. Under such condition, the carbon-to-carbon
chains bond side-to-side leading formation of graphene sheets that subsequently
develop a single columnar filament. Hence, PAN produces high-quality fiber, while
pitch and rayon produces poor quality carbon fibers. Heating of fibers at
high-temperature results in the expulsion of non-carbonaceous elements and also
small amount of carbon atoms results in the form of some by-products like carbon
dioxide, carbon monoxide, etc. Finally, the remaining carbon atoms are tightly
packed with each other and get aligned along the z-axis of the fibers.

5.2.4 Treating the Surface

After carbonizing, the fibers surface properties are not activated, and the result is that
they show poor bonding properties when bonded with resins such as epoxies for
composite applications. The drawback is removed by minor oxidation of the surface.
The oxidation leads to etching of surface, resulting in roughness in the surface,
which can enhance the mechanical interlocking as well as chemical bonding. The
various options for oxidizing the carbon fibers are: Gaseous phase chemicals such as
air, carbon dioxide, or ozone; Liquid phase chemicals used are sodium hypochlorite
or nitric acid. In both cases, the fibers are immersed in them for oxidizing.
Ammonium sulfate is a commonly used commercially viable electrolyte to cause
surface treatment of these materials. The fibers can be made conductive by elec-
trolytically coating it in the electrolyte of conductive materials. The surface treat-
ment process must be carefully controlled to avoid forming tiny surface defects.

5.2.5 Sizing

Followed by the surface treatment, is the sizing process where the fibers are coated
to protect them from damage during winding or weaving. Before sizing the carbon
fibers are pre-dried either in presence of air or rollers. In all cases, the coating of
fibers is done with the help of compatibles like epoxy, urethane, etc., that may
create bonding with the base matrix. The final step is winding of the fibers onto
bobbins that can finalize the final size of fibers. The process explained above is
depicted below by means of a flow sheet as shown in Fig. 18.

6 Synthesis of Carbon Nanofibers

6.1 Introduction

Carbon nanofibers with diameters in nanometric range emerge as a most prestigious
material due to its excellent reinforcing ability, superior chemical and electrical
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property [118] and high surface reactivity [119]. Catalytic conversion of
carbon-containing gases is one of the old techniques that produce such as fibers
having diameters range 3–100 nm and length range 0.1–1000 lm [120]. However,
it was not recognized until a recent outburst report of its structural similarity to
fullerene and carbon nanotubes. Carbon nanofibers are also known as graphite
nanofibers or carbon filaments [121]. Such materials can be developed by catalytic
decomposition of various hydrocarbons over traditional metal particles such as iron,
cobalt, nickel, etc. Alloys of various transition elements also gain immense interest
for synthesizing CNF.

Various scientists describe numerous procedures to synthesis CNF. However,
the main challenge relies on controlling length to diameter ratio, cross-sectional
diameter and staple length of the fiber. It is noteworthy to mention that difficulty
can be experienced to achieve narrow fiber diameter distribution during synthesis.
In this chapter, an approach has been made to brief the various synthetic procedure
for synthesizing CNF having various architecture and property.

6.2 Synthesis Methods

According to synthetic procedure, carbon nanofiber can be mainly classified into
two categories: (i) Vapor grown [122, 123] and (ii) catalytically grown nanofiber.
However, the synthetic procedure varies with the required morphology, structural
composition, and the end use of such nanofibers.

High strength, high 
modulus carbon 
fibers

Sizing Winding

(Spools)

Drying

(Air/hot roller)

Washing

(Hot water)

Surface Treatment

(Anodization)

Carbonization

(Nitrogen at 1800 °C)

Oxidation

(Air at 300 °C)

Raw materials 
(Polymerization of 

PAN based 
precursors and 

spinning of fibers)

Fig. 18 Flow sheet for the manufacturing process of carbon fibers from PAN-based precursors
[104]
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6.3 Vapor Grown Nanofiber

Kong et al. reported a well-defined strategy to synthesize high-quality carbon
nanofiber by chemical vapor deposition of gaseous methane over a specifically
patterned surface [122]. Here, electron beam lithography was used to develop
regularly spaced catalytic islands of Fe(NO3)3 � 9H2O, MoO2(acac)2 and alumina
nanoparticles on the silicon surface. The surface was further heated until 1000 °C
under inert environment of argon gas. Then, the argon flow was replaced by
methane. Fan et al. used ferrocene as catalyst precursor to develop CNF by similar
technique [124]. Here, the horizontal tubular reactor was used as the reaction vessel.
Such vapor grown carbon nanofibers (VGCNF) are of highly crystalline nature
[123].

6.4 Catalytically Grown Nanofibers

Synthesis of catalytically grown nanofibers includes two steps: (i) synthesis of
catalysts and (ii) synthesis of nanofibers.

Synthesis of catalysts: Mainly Fe–Cu and Ni–Cu bimetallic catalysts are in use
to synthesize carbon nanofibers. Marella and Tomaselli explain four different
procedures to synthesize such catalyst systems [121]: (A) coprecipitation,
(B) reduction–precipitation, (C) reverse microemulsion, and (D) high wetness of the
material in the silica. Hence, the synthesized catalysts by the above process are
exemplified in Table 2.

The flowchart for each process for catalytic synthesis is described in Fig. 19.
Such bimetallic catalyst systems have a high effect on the overall morphology in the
nanofibers. However, the best result can be achieved by the incipient wetness
method.

Table 2 Synthetic procedures of various catalysts used for carbon nanofiber synthesis

S. No. Catalyst Procedure Method References

1 Fe–Cu (70:30 at.%) A Coprecipitation [121]

2 Fe–Cu (70:30 at.%)
doped with K

B

3 Ni–Cu (70:30 at.%)
doped with K

C

4 Ni–Cu (70:30 at.%) D Reduction–precipitation [125]

5 Fe–Cu (80.7:19.3 at.
%)

E Reverse microemulsion [126]

6 Fe–Cu (70:30 at.%) F high wetness of the material in the
silica

[121]

7 Ni–Cu (70:30 at.%)
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Fig. 19 Synthesis of catalyst used in developing carbon nanofiber
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6.5 Procedure of Synthesizing Carbon Nanofibers

There are many synthetic routes for synthesizing carbon nanofibers out of which
chemical vapor deposition (CVD) is the most common methods in developing
CNF. The choice of route varies widely depending on its probable characteristics
and end use. For example, Marella et al. have successfully synthesized the CNF for
hydrogen storage data [121]. In addition, they have compared multiple synthetic
routes and measured their hydrogen storage property.

Here, many catalyst systems (produced by [A] to [D]) produce different types of
CNFs. Baker et al. introduced the growth mechanism of CNF and the review of
Jong and Geus describes the synthetic procedure of CNF using Nickel catalysts
[120, 127]. Generally, it is known that metal surfaces are capable of decomposing
hydrogen molecules and produce carbon, which diffuses into the bulk of the metal
and precipitate out in the form of graphite. However, later it is discovered that
intermediate metal carbide has formed which then undergoes decomposition into
graphite and metal. Magnetic measurements also evidence the presence of Ni3C as
an intermediate during the steady-state growth of carbon fiber on metal interface
[120]. The carbon nanofibers were deposited from methane at 843 K. However, at
first, a steady-state increase in C/Ni ratio has been observed but no fiber is produced
with a significant drop in a magnetic moment. But after 12 min of exposure of
nickel surface to methane, a sudden increase in the magnetic moment has been
experienced. It indicates that ferromagnetic nickel is first converted into nonfer-
romagnetic nickel carbide during the first 12 min of exposure but ferromagnetism is
restored after this with the formation of CNF.

In view of such evidence, the mechanism can be divided into two steps: (i) the
gaseous hydrocarbon methane undergoes decomposition over the surface of nickel
and produces carbon and hydrogen atoms; (ii) Hydrogen molecule desorbs and
carbon diffuses through the metal face forming a sub-stoichiometric nickel carbide
and (iii) the metastable nickel carbide decomposes into metallic nickel and carbon
fiber. It was also proven that Ni(110) and Ni(100) surfaces of the crystal lattice are
more active during this process rather than Ni(111) surface [128, 129].

6.6 Electrospinning

Electrostatic spinning or electrospinning is established as a process which is used to
fabricate nonwoven and ultrafine nanoscale fibers possessing diameters ranging
from 3 nm to several microns. The technology was first coined by Reneker and
coworkers in the 1990s [130]. High popularity of such process is beneath under its
simplicity, affordability, flexibility in selection of wide range of materials, high
surface-to-volume ratio, and tunable porosity. A standard design of electrospinning
apparatus includes four major components: (i) spinneret (or needle), (ii) high
voltage power supply, (iii) a glass syringe and (iv) metal collector. The staple length
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of Nanofibers depends on the electrical potential applied to the polymer solution
and flow rate. Schematic diagram for electrospinning is shown in Fig. 20.

After loading the polymer solution in the syringe, it is first charged by applying
voltage. After that, a small electrically charged droplet is formed. A repulsive force
that is generated due to repulsion between similarly charged liquid surface and
electric field results in the deformation of the droplet into conical shape (Taylor
cone). The cone becomes unstable after a threshold charge and allows the exudation
of liquid jet. The jet then travels through air towards the ground and finally it is
collected on metal cylinder (used as collector) [130]. Required parameters and final
characteristics of the electrospun CNFs from various materials line polyacryloni-
trile, lignin, polyacrylic acid, polylactic acid, etc., are well described in the review
of Zhang et al. [131]. The diameter of electrospun fiber has a proportional rela-
tionship with the feed rate of polymer solution.

6.7 Template Method

Template method is widely used to produce CNF. It is basically used to produce
one-dimensional carbon material. Anodic aluminum oxide, mesoporous silica, and
Te nanowires are generally used in this technique. The synthesis of fibers and
submicron tubes of carbon is reported via the pyrolytic decomposition of propylene
and produces carbon over the porous wall of aluminum oxide film. Here, removal
of the template has been carried out through hydrofluoric acid washing. Another
advancement of such process is used by treating precursor mixture of HCl,
formaldehyde, F127, and phloroglucinol on the porous alumina substrate and
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Fig. 20 Schematic diagram of electrospinning process
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subsequently the carbonization was carried out at a temperature of 500 °C.
A self-template strategy is also reported where ethylene glycol (EG) is used as the
carbon precursor and Zn(CH3COO)2 as the structural constructor as well as the
porogen [132]. Pt-catalyzed pyrolysis of cellulose diacetate (CDA) nanofibrils has
also been attempted using the same technique as well [133].

6.8 Carbon Film Casting

Such process develops carboneous material having two-dimensional architecture.
Such process is generally used to develop carbon nanotubes and more specifically
single-walled carbon nanotube. It involves four steps:

(i) film casting through using block type copolymers,
(ii) refining the structure through solvent annealing,
(iii) carrying out polymerization of the carbonaceous precursor
(iv) final carbonization

Recently, Feng et al. reported a preparation method of free-standing multi-wall
carbon-based ordered thin films through conventional coating-etching method.
Here, Resol/pluoronics are used as precursor which is carbonized at 600 °C [134].

7 Carbon Nanotube Synthesis

Various techniques have been employed for the successful production of carbon
nanotubes (CNT) such as laser ablation, arc discharge, chemical vapor deposition,
high-pressure carbon monoxide disproportionation (catalyzed using iron oxide/
mixture of cobalt and molybdenum), electrolysis, flame synthesis, pyrolysis [135–
141], etc. We can further group these processes into physical, chemical and mis-
cellaneous processes based on the principles of carbon conversion into nanotubes as
shown in Fig. 21.

To study different methods of carbon nanotube synthesis, the growth mechanism
is of great importance. A three-step process generally distinguishes between
extrusion/base/root growth and tip growth. It can be observed in Fig. 22, a pre-
cursor is formed on the surface of the metal catalyst which is generally pear or
round in shape. In the second step, diffusion of carbon on the sides occurs which
thereby leaves the top of the precursor free enabling in the hollow core structure of
the nanotube resulting in the formation of rod-like structure of carbon. The base
growth method enables the nanotube to grow in the upward direction from the
metal particle which is attached with the substrate. In tip growth mechanism, in
spite of detachment of particle from the substrate, it still manages to stay on top of
building nanotube. Single-walled (single tube of graphene, commonly known as
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SWNT) or multi-walled (several concentric tubes of graphene adjusted inside one
another, commonly known as MWNT) nanotubes grow depending on the partic-
ulate size of catalyst employed for synthesis [142].

Fig. 21 Classification of carbon nanotubes synthesis methods

Fig. 22 General growth mechanism of carbon nanotubes [142]
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7.1 Physical Methods

As shown in Fig. 21, the physical techniques of CNT synthesis are laser ablation
and arc discharge methods. They are high-temperature processes quite similar in the
working principle, advantages, and disadvantages.

7.1.1 Laser Ablation

Laser ablation method is a high-quality and high-purity method for synthesis of
SWNTs. A pulsated laser ablates the carbon pellet (graphite) containing catalyst
materials (Cobalt or nickel) kept inside a furnace of tubular shape at temperatures
*1200 °C. The process is carried out in presence of inert gases such as helium/
argon thereby vaporizing the graphite target. The carbon nanotubes basically grow
over the relatively chiller surfaces in the reactor by condensation of vaporized
carbon. However, there are instances where water-cooled surfaces are employed to
collect the nanotubes. The by-products such as fullerene and amorphous carbon
overcoating on the reactor sidewalls can be collected.

However, the properties of CNTs prepared using this process depend upon
several parameters like laser properties (peak power, repetition rate, energy fluence,
cw versus pulse, wavelength of oscillation), the chemical and structural composi-
tion of the target pellet used, the reactor pressure as well as the chemical compo-
sition of its atmosphere, pressure and flow of gas used as buffer and distance
between the target and substrate.

In one of the very first experiments, high yields (>70%) of CNTs by the above
process were achieved. In a two-step method, laser vaporization as the initial step
was followed by the second laser pulse to increase the rate of target vaporization. It
enables to minimize the amount of soot deposition. The CNTs grow in the form of
mat of ropes with a diameter of 10–20 nm and up to 100 micron or more in length.

While Lebel et al. have prepared CNTs via utilization of ultraviolet laser [143] in
another study done by Kusaba and Tsunawaki [144], XeCl Excimer laser with a
wavelength of 308 nm was used and it was observed that the process carried out at
1350 °C produced highest yield of CNTs with a diameter of 1.2–1.7 nm with
minimum length of 2 µm.

7.1.2 Arc Discharge

It is one among the oldest technique known for finite structured carbon production
possessing needle-like tubes. The process is very much like a synthesis of fullerene,
in which a graphite target is placed in an enclosed space such as a high-temperature
reactor with inert gas atmosphere such as helium or argon. The pressures main-
tained are moderate (50–700 mbar). Two carbon rods placed vertically over each
other are installed in the center of the reactor at different potentials. The positively
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charged anode is moved towards a negatively charged cathode until the formation
of an arc [145]. A total process time of approximately 60 s with a distance of 1 mm
between the electrodes results in the formation of nanotubes which can be collected
along with its by-products after depressurization and cooling of the reactor.

Bethune et al. [146] reported the formation of SWNT with diameters as small as
1.2 nm by co-evaporation of carbon atoms and cobalt metal atoms by the arc dis-
charge process. The usage of Helium atmosphere for SWNT synthesis with cocat-
alyst is also reported by Ajayan et al. [147] resulting in SWNTs within the size range
of 1–2 nm diameter. The role of catalyst in the formation of carbon nanoclusters was
studied by Seraphin et al. [148], where Ni, Pd, and Pt catalysts were used in presence
of DC arc discharge, operated at 28 V and 70 A under He atmosphere at the pressure
of 550 Torr. In the observations, it was reported that nickel-filled anode spurred on
the growth of SWNTs. Saito et al. [149] also reported radial growth of SWNTs from
fine Ni particles. Zhou et al. [150] used yttrium carbide filled anode and reported
radial growth of SWNTs. The synthesis of SWNTs by the arc discharge method has
also been reported with platinum group metals [151] such as Ru, Rh, Pd, Os, Ir, Pt,
and also with Fe, Co, Ni, F/Ni, La, and Ce catalysts [152].

In one of the modern day arc discharge approach reported by Chen et al. [153]
known as Ferrum Hydrogen (FH) arc discharge method, Fe (1% wt) filled anode is
used in Hydrogen–Argon mixture gas atmosphere. The SWNTs synthesized are
highly crystalline and are subjected to oxidation purification process with H2O2 for
the removal of Fe catalyst nanoparticles which coexist with SWNTs. A purity of up
to 90% has been attained using the modifications in the traditional arc discharge
process [154]. The methods are still costly due to the raw materials involved. An
effort of looking for a cheaper raw material of synthesis of SWNTs was taken up by
Fan et al. [155]. They were able to achieve success in the synthesis of the same with
argon gas environment and DC arc discharge of various charcoal materials which is
a rich source of carbon using catalyst FeS (20 wt%). The analysis reported suggests
that the high purity SWNTs synthesized were of diameter of 1.2 nm.

The problem with CNT remains with the presence of impurities which have an
effect on the properties of the nanotubes. Ando et al. [156] reported that CNTs are
synthesized by arc discharge of carbon-rich graphite in hydrogen gas that may be
carried out by infrared irradiation at 500 °C for 30 min in air. It ensures the removal
of coexisting carbon nanoparticles.

The study of calcination from 300 to 600 °C on CNTs synthesized by DC arc
discharge was done by Pillai et al. [157]. A lot of research has been targeting to
solve the long-lasting issue or CNT purification and several experiments, reviews,
and research have been conducted over the same [158–160].

7.2 Chemical Methods

The chemical methods of synthesis include chemical vapor deposition (CVD),
high-pressure carbon monoxide reaction (HiPco), and CoMoCAT Process.
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7.2.1 Chemical Vapor Deposition

Chemical vapor deposition process is an effective process for control of growth
directions on the substrate and efficient due to the quantity of CNT production
which is large. A mixture of hydrocarbon gas and process gas (ethylene/methane/
acetylene and ammonia/nitrogen/hydrogen) react in a chamber at a metal substrate
heated at a temperature of around 700–900 °C at atm pressure. The hydrocarbon
gas decomposes to result in the formation of CNTs growing on metal (catalyst)
substrate. The substrate preparation can be done by evaporation of catalyst by
electron beam, physical sputtering, and solution deposition. The growth of
self-oriented nanotubes on large surfaces can be ideally done with the porous
silicon substrate.

Chemical vapor deposition techniques are majorly classified into plasma [161]
and thermal [162] process wherein the assistance modes for the CNT synthesis can
be hot-filament, [163, 164] water assisted [165, 166], and oxygen assisted [167–
170]. Catalytic chemical vapor deposition enhanced by either plasma or thermal
process is economically feasible for large-scale synthesis of quite pure CNTs in
comparison to physical methods such as laser ablation. Some of the few advantages
offered by CVD have better control over the progressive course of the reaction and
the purity of the product is high [171].

The role of catalyst in the decomposition of carbon source either by plasma or
heat is vastly studied [161]. In plasma-assisted CVD, plasma assists in the gener-
ation of vertically grown carbon nanotubes with precise reactor geometry control.
The synthesis of specified double-walled carbon nanotubes using CVD technique
has been recently reported [172–174].

Low-temperature synthesis of CNTs on different metallic substrates such as NiV,
Ir, Ag, Pt, W, and Ta and Fe/Al dual layer as catalyst using diffusion plasma
enhanced chemical vapor deposition is reported by Kim and Gandloff [175]. Wang
and Moore [176] experimented on preparation of CNTs with vertical alignment
using glass substrate sputtered with FeNi or Fe by RF-PECVD or DC-PECVD. The
difference between RF and DC-PECVD is the reactive radical concentration which
is higher in the RF-PECVD. On the contrary, the vertical structural growth of CNTs
was very well aligned. Better wettability and higher reactivity were observed with
FeNi thin film catalyst in comparison with Fe thin film catalysts.

The effect of the morphology and composition of catalyst nanoparticles on the
growth of CNTs is reported by Flahaut et al. [177], in which they investigated the
effect of preparation conditions for the catalyst for CCVD synthesis of CNTs. The
catalysts were prepared by combustion method fuelled by citric acid/urea. They
found that mild conditions observed in citric acid fuelled process can either restrict
the formation or increase the selectivity towards synthesis of CNTs with fewer
walls depending upon the purity and composition of the catalyst. A mixture of
catalysts used for PECVD synthesis is reported by Xiang et al. [178] in which
acetylene was used over a variety of catalysts. The yield of synthesized CNTs
increased with an increase in the Co content due to better dispersion characteristics
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of active Co moiety in increasing numbers. CNTs with smaller diameters and more
structural order were also observed with an increase in the Co content.

As a catalyst, the use of spherical Ni nanoparticles film Ni(NO3)2 is reported by
Luais et al. [179] for the PECVD synthesis of CVD. Mixture of gaseous C2H2/NH3

along with temperatures of 520 °C was employed resulting in average thickness of
1 mm and diameter of around 50 nm. The synthesis was followed by surface
treatments were carried out using microwave plasma for potential application in
biosensors. The use of ferritin nanoparticles (Fe2O3 compound core enclosed by
protein shell) as a catalyst for oxygen-assisted PCVD is also reported. Upon
reaction with oxygen, amino acids present in proteins around the ferritin core were
removed and separated from each other. It subsequently results in dense vertically
aligned CNT structures growing well within the iron cores separated [180].

High-efficiency water-assisted CVD synthesis was demonstrated by Yamada
et al. [181] using Fe catalyst. The achieved product was vertically aligned CNTs
with heights of up to 2.2 mm with a carbon purity of 99.95%.

Metal-free CNTs on glass substrates have been successfully demonstrated by
Seo et al. [182] with a microwave PECVD (MPECVD) process using CH4 and H2.
Radiofrequency magnetron sputtering was used for carbon layer deposition acting
as catalyst. The layer was pretreated with hydrogen plasma at 600 °C for 180 s. The
CNTs grew for around 30 min at temperatures of 600 °C. Other CVD method-
ologies, i.e., liquid pyrolysis [183–185], and solid-state pyrolysis [186, 187] are less
frequently used for the synthesis of CNTs.

7.2.2 High-Pressure Carbon Monoxide Reaction (HiPco®)

The gas phase continuous flow production of CNTs involves passing a mixture of
source gas (carbon) and catalyst precursor (organometallic) molecules through a
heated furnace. The catalyst disintegrates and reacts, forming congregates on which
CNTs grow by nucleation. Some early reports [188, 189] have been for production
of smaller quantities of SWNTs in addition to multi-wall carbon nanotubes.

A high-pressure reactor employed for the process will be a thin-walled quartz
tube reactor with electrical heating elements on the surface further enclosed by
thick-walled aluminum housing. A continuous flow of CO and Fe(CO)5 through the
quartz tube is used to carry out the process. The spraying of preheated CO through
the showerhead is carried out. The showerhead CO preheater composes of
thick-walled graphite tube which is resistively heated as rapid heating of gas
mixture will enhance the synthesis of CNTs. As CO is passed through six channels
longitudinally bored in the graphite tube having a small diameter graphite tube, it
gets heated due to heat exchange with hot graphite rods [190, 191]. This method is
suited for large-scale synthesis of CNTs, as the process is continuous and the
product is free from catalyst supports. Also, due to continuous mode, it allows the
reuse of carbon monoxide [192].

Smalley et al. [193] demonstrated the synthesis of CNTs by using continues flow
gas phase carbon monoxide as a feedstock along with iron pentacarbonyl Fe(CO)5
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catalyst via HiPco method. The CNTs obtained were very thin, high-quality product
with high intrinsic selectivity. In another work [194], the yield of the process was
found to be as high as 97% for the synthesis and 90% for the purification method.
HiPco process can also be modified in which a mixture of ferrocene (Fe(C5H5)2)
and benzene is reacted in continues flow of hydrogen gas to form CNT. The
nanosize catalyst is however formed in the same manner, i.e., by the thermal
disintegration of organomettalic compounds such as iron pentacarbonyl in the
former and ferrocene in the latter.

7.2.3 CoMoCAT® Process

An alternative gas phase continues flow process used for the synthesis of CNTs
using a unique mixture of Cobalt and molybdenum is known as CoMoCAT process
[195]. The growth of CNTs is facilitated by disproportionation of pure CO into
carbon and carbon dioxide at 700–950 °C and 1–10 atm pressure in the presence of
Co and Mo catalysts. The growth rate with respect to the catalyst is reported to be
about 0.25 gm CNT/gm of catalyst in 1–2 h. The combined effect of Co and Mo
catalyst is only effective with low Co:Mo ratio together at the silica substrate. If
they are separate, they are either inactive (only Mo) or unselective (only Co). The
selectivity of the mixture of catalyst towards CNT synthesis by this process majorly
depends upon the stabilization of Co2+ species by Mo oxide species [196]. CNTs
obtained by CoMoCAT process have high selectivity, high quality, and a narrower
distribution of diameters as the process yields much lesser number of bands.

CoMoCAT process can be scaled up as it operates at less severe parameters and
atmosphere than other processes, and provides control in the structural character-
istics of CNTs. Due to the simplicity and its similarity with other standard catalytic
processes employed in the chemical industry, the CoMoCAT process has the
potential for the commercial industrial production of CNTs at low cost.

7.3 Miscellaneous Methods

7.3.1 Flame Method

The flame method of CNT synthesis is in a restricted flame environment, using
inexpensive hydrocarbons as fuel forming tiny aerosols of metal catalyst islands.
The metal catalyst island formation can be attributed to any of the three routes. The
first route consists of metal catalyst (Co) that is coated on a mesh over which the
islands were formed through arc discharge and laser ablation methods [197]. As
soon as they are exposed to flame, they become aerosol. The second method deals
with creating aerosol tiny metal particles via burning a filter paper dipped through a
metal ion (e.g., Fe Nitrate) solution. The third route deals with a thermal evapo-
ration process in which a metal powder (Fe/Ni) is put in a trough and heated [198].
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The fuel gas is burned partially to achieve temperatures of *800 °C for CNT
production.

Liu et al. demonstrated V-type flame method based on simple equipment and
lesser complex experimental parameters. The process employed use of carbon
source as CO and the resultant product yield was high with lesser impurities [199].
The size of CNT diameter was approximately in the range of 10–20 nm with the
length going up to several microns [200].

7.3.2 Electrolysis

The use of electrolysis for to deposit atomic carbon was first demonstrated using
methanol as well as carbon dioxide as carbon source [201]. In the electrochemical
method, alkali metals were deposited on cathode made up of graphite from a molten
salt system kept at high temperature. The intercalation of metallic atoms into the
vacant space between the graphite sheets, thereby allowing it to diffuse through the
bulk of cathode, results in formation of certain mechanical stresses inside graphite.
This induced stress results in the ablation of individual graphitic sheets, eventually
turning into CNTs because of interfacial forces in the effort to recombining of
disintegrated C–C bonds. This method was demonstrated at the University of
Miskolc by Kaptay and Sytchev [141]. This technique produces CNTs of high
quality, but the method is not scalable to commercial large-scale production.
Shawky et al. [202] reported the synthesis of CNTs by application of minor neg-
ative potential acetic acid solution over a Ni nanocatalyst supported by silver
surface. The catalysts (Ni nanoparticles) were grown via electrochemical route on
silver with a control over the deposition time for particle size. The effect of catalyst
structure on CNT diameter distribution was studied using Scanning Electron
Microscopy and Raman spectroscopy [203]. The growth of CNT is imitated by the
transition metal catalysts, such as Fe/Ni nanomaterials. SEM and TEM character-
ization expressed the hollow structured CNT diameter in the range of 100 nm, and
length to around 20 lm [204]. The process leads to reduced thermal fluctuations
since synthesis progress in the liquid phase and normal room temperature
conditions.

7.3.3 Ultrasonication

Sonication of carbon sources in liquid medium is another process for synthesis of
carbon nanotubes. The sound waves are responsible for agitating particles in a
sample thereby yielding CNTs. The conversion of two-dimensional graphene oxide
nanosheets into CNTs is reported by sonication of the same in a solution com-
prising of 70% nitric acid without a catalyst. They reported that during the acid
ultrasonication, graphene oxide can be easily disintegrated into polyaromatic
hydrocarbons (PAHs). It was followed by condensation promoted by cavitation of
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PAHs bringing in molecular rearrangement in the precursor. They eventually form
folded carbon nanostructures which show magnetic properties [205, 206].

8 Synthesis of Graphene

8.1 Introduction

From the past few decades, many attempts have been made to synthesize large-scale
defect-free graphene sheets. However in 2004, Prof. Geim and Novoselov suc-
cessfully synthesized single-layer graphene sheets via repeated peeling of graphite
crystals using strong adhesive tape and then they are transferred and extracted
graphite layer on to the silicon wafer [207, 208]. This amazing discovery opened up
a new horizon for researchers from all over the world owing to the presence of a
wide range of extraordinary properties of graphene. High-quality mass scale pro-
duction of graphene, many approaches have been taken that includes top-down and
bottom-up techniques. Mechanical breakage, in contact probe type sonication,
electrochemical exfoliation, super acid dissolution, chemical reduction of colloidal
graphene oxide (GO), and thermal exfoliation of GO are included in the top-down
category. The bottom-up approach consists of epitaxial growth using metal sub-
strate, chemical vapor deposition (CVD), arc discharge, unzipping of carbon nan-
otube, and reduction of carbon monoxide [209].

8.2 Top-Down Approaches

8.2.1 Mechanical Breakage

Mechanical breakage method results in the formation of graphene using a scotch
tape [207]. This technique is able to form sheets of bigger size, higher purity with
the limitation of poor productivity and is only appropriate for basic researches and
electronic applications [207]. Exfoliation of graphite is very much easy due to the
poor interlayer van der walls force of graphite with inter-action energy of only
*2 eV/nm [210]. In this method, graphene is detached from HOPG by using an
adhesive tape. Multiple layers of graphene get adhered on the adhesive tape after
peeling of the graphite crystal or HOPG. After repeated peeling, the obtained flakes
are released in the acetone. In between, some of the flakes get deposited on the
SiO2/Si (300 nm) substrates which were already dipped in acetone. In this way, thin
graphene sheets could be obtained by mechanical cleavage or micromechanical
exfoliation or peeling of method or scotch tape method.
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8.2.2 Direct Sonication

Sonication in the probe type is a very effective method of synthesis of graphene
sheets through the process of exfoliation in the presence of a diluent liquid. Direct
sonication method consists of three steps: (1) initially the graphite gets dispersed
within the solvent uniformly, (2) under the effect of probe sonicator, the graphite
sheet exfoliates or delaminates from each other, and (3) purification of the syn-
thesized exfoliated graphite sheets. During ultrasonication, micrometer-sized bub-
bles or voids growth and collapse in the liquids are due to the fluctuation of pressure
resulting shear force and cavitation which act on the bulk material to exfoliate
[211]. The solvent–graphene interactions require balancing the inter-sheet attractive
forces after exfoliation in the liquid. But the main question is which will be the
perfect solvent for direct sonication method? Any solvent which minimizes the
interfacial tension (mN m−1) as well as the contact surface area of the liquid and
graphite could serve the purpose [212]. If interfacial tension becomes high in
graphite dispersion, the flakes got adhere with each other [212]. However, solvents
with the surface tension value in the range of *40 mJ m−2 are the best fit for the
method [213]. The major disadvantage in this method is toxicity of solvents used
commonly in this technique. However, this method possesses simple steps: add
graphite in the solvent and sonicated for few hours (more than 2 h) followed by the
centrifugation of the graphite dispersion at the speed of 3000 rpm over the time
span of 30 min in order to remove larger unexfoliated graphites. In the later stage,
the supernatant of the dispersion was carefully decanted and repeatedly filtered with
deionized water to collect graphene sheets [214]. However, the yield of graphene by
this technique is very much low to meet the industrial needs.

8.2.3 Electrochemical Exfoliation

Recently, electrochemical exfoliation of graphite is drawing high attention for
synthesis of high-quality graphene. This technique is very much easy, fast and
environment friendly [215–218]. Electrochemical exfoliation process of graphite is
carried out in two different types of electrolyte solution such as ionic liquids [217,
219] and aqueous acids (H2SO4 or H3PO4) [215, 218, 220]. However, using ionic
liquids in exfoliation leads to the functionalization of the graphene sheets which
results in a low conductivity, small lateral size and low yield [221, 222]. In case of
acidic electrolytes, high yield of graphene with larger lateral size is obtained from
graphite but functionalization of these graphite sheets is inevitable because of
electrochemical oxidation process taking place onto the surface of exposed sheets
[215, 218, 220]. Electrochemical exfoliation is performed using two electrodes, one
of them is graphite. When direct current is applied to graphite electrode, graphite
layers from graphite electrode begin to separate and get disperse into the electrolyte
solution After that, the exfoliated products in the electrolyte solution are collected
by vacuum filtration and purified to get graphene [223].
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8.2.4 Super Acid Dissolution

The large-scale synthesis of graphene requires the development of new techniques
for successful exfoliation of graphite. However, the separation and purification of
the graphene from graphite needs much attention. The process of dissoluting gra-
phites in chlorosulfonic acid has the ability to produce mass amount of graphene
but hazardous chemicals and separation process may create some difficulties.
Dispersibility of graphite strongly depends on the acid strength which is controlled
through the mixing of chlorosulfonic acid and concentrated sulfuric acid (98%)
with varying proportion [224]. Matteo Pasquali et al. showed that dispersibility of
graphite significantly decreases when the proportion of the chlorosulfonic acid was
lowered to 80% [225].

8.2.5 Chemical Exfoliation of GO

Chemical exfoliation involves two main steps; Step 1 creates interlayer gap between
nearby layers and subsequently reduces the van der walls force of attraction
between them. Step 2 involves the exfoliation of intercalated graphite by breaking
the weak van der walls forces to form single-layer graphene or graphene oxide.
Graphite oxide was first prepared by Bodie in 1859 [226]. The oxidation of graphite
was done by KCIO3 and fuming HNO3. After 40 years of interval, Staudenmaier
modified the above method by using H2SO4, fuming HNO3, and KCIO3 [227].
However, the most common technique to synthesize GO is the Hummer’s method,
which was reported in 1958 [228]. In this method, graphite powder is mixed with
NaNO3 and was oxidized with 98% concentrated H2SO4 in an ice bath. Then,
KMnO4 was added slowly into the black slurry while keeping the overall reaction
temperature below 20 °C. Then in 4 h, the reaction was stopped, which is followed
by removing the reaction system out of the ice bath, and keep stirring for 2 h at
room temperature. The GO sample was collected after washing for several times
and dried at 60 °C for 24 h. After oxidation, the interlayer spacing increases from
3.7 to 9.5 Å which depends on the nature of intercalants. The obtained GO pos-
sesses a huge number of oxygen-containing functional groups such as hydroxyl,
carboxyl, carbonyl, and epoxy on basal plane. Still now, many approaches are
going on to modify the Hummers method known as improved hummers method or
modified Hummers method [229, 230]. Reduced graphene oxide (RGO) can be
obtained by chemical reduction of the exfoliated GO in protic solvents like water,
alcohol in presence heating and stirring. Further, GO can also be exfoliated with
isocyantaes, [231] octadeclamine, [232] and as well as functionalizing with sur-
factants [232–234]. Various reducing agents are used for the synthesis of RGO such
as hydrazine monohydrate, [235] sodium borohydrate, [236] hydroquinone, [237]
strongly alkaline [238], and amines [239]. Between these reducing agents, hydra-
zine hydrate is mostly used because of strong reducing activity in order to remove
oxygen-containing functional groups of GO. However, hydrazine is highly toxic
and explosive therefore, several environment friendly reductants [240] such as
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vitamin C, [241] amino acid, [242] reducing sugar, [243] alcohol, [244] sodium
citrate, [245] tea [246], and lactulose [247, 248] have been developed for synthesis
of RGO. Oxidation of graphite destroys the conductivity of GO but after being
reduced it restored the sp2 hybridized network as well as electrical conductivity.

8.2.6 Thermal Exfoliation of GO

Thermally reduced graphene oxide (TRG) can be obtained through heating of GO
at high temperature (1000 °C) under inert atmosphere [249–252].
Oxygen-containing functional groups of GO are decomposed at high temperature
and forms mass amount of CO2 gas which generates high pressure. This pressure
helps to break down the van der wall forces of GO resulting massive exfoliation of
GO. Volume expansion of graphene is 100–300 times. 30% weight loss occurred
due to the decomposition of oxygen-containing functional groups and removal of
water. TRG sheets contained single layer to few layers graphene with the average
size of 500 nm [251]. All top-down approaches are shortly presented in Table 3.

8.3 Bottom-Up Approaches

8.3.1 Epitaxial Growth

Another attractive alternative process for the synthesis of graphene is epitaxial
growth over hexagonal shaped substrate. For epitaxial growth of graphene, gen-
erally silicon carbide (SiC) and closely packed metal atoms are used as substrate. In
1961 [255], Badami first reported that the graphitization of hexagonal SiC crystal
done during annealing at high temperature (1273–1773 K) in ultrahigh vacuum
system resulting in sub-lamination of silicon from the surface of SiC while the
remaining carbon atoms form a carbonic surface over the entire surface of SiC and
arrange themselves as a graphene layers by controlling the growth conditions.
Epitaxial technique can generate single-layer or bilayer graphene on the substrate
which has a versatile range of applications such as nano or microelectronics and
polymer nanocomposites [207]. The results are highly dependent on the various
parameters such as temperature, heating rate, and pressure. Similarly, many
approaches have been used such as graphene synthesized on Ruthenium
(Ru) substrate by epitaxial growth method [256, 257] and so on.

8.3.2 Arc Discharge

Graphene is also synthesized by the arc discharge method using graphite as an
electrode in the presence of hydrogen gas in a closed chamber [258, 259]. To
prepare high-quality graphene, two graphite rods are placed in water-cooled
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stainless steel chamber in H2 atmosphere. In typical experiment, high current
(above 100 A), high voltage (>50 V), and high pressure (above 200 tor) are nec-
essary for the synthesis of graphene. Graphene sheets with two or three layers are
deposited on the inner walls of the arc chamber. To maintain the arc, the distances
between both electrodes are well maintained. Arc discharge does not work at lower
current and lower voltage even in the presence of hydrogen atmosphere. If the
amount of the hydrogen content in the closed chamber is decreased, polyhedral
content increases in the end product. This method is generally used for doping of
graphene with boron and nitrogen [260]. The yield of the obtained graphene from
arc discharge is very low around 10–20% [259].

8.3.3 Chemical Vapor Deposition

Chemical vapor deposition is a most promising and well-known method where
graphene is directly grown on the metal substrate such as Ni, [261] Pd, [262] Ru,
[256] Ir [263] and Cu [264] when exposed to hydrocarbon gas. Hydrocarbons like
methane, ethylene, acetylene, and benzene were decomposed on the surface of
metal at high temperature (*1000 °C). Conventionally, heating is done by filament
in CVD process. Recently, graphene has been prepared through radio frequency
enhanced chemical vapor deposition method (PECVD) with the advantage of
energy saving characteristics and high purity in the production [265]. For better
understanding, metal substrates like Ni film directly exposed to the gaseous mixture
of H2, CH4, and Ar and heated at 1000 °C. At this high temperature, methane
decomposes on the metal surface and hydrogen evaporates. Carbon diffuses on the
Ni film. Graphene layer on the Ni film is obtained after cooling down in Ar
atmosphere. The number of layers strongly depends on the behavior of hydrocar-
bon, the thickness of metal substrate, and reaction parameters. Graphene layers can
be transferred to the other substrate through polymer support by etching the
underlying transition metal.

8.3.4 Unzipping of Carbon Nanotube

Graphene can also be obtained from multi-walled carbon nanotube (MWCNT)
through oxidative cutting [266]. MWCNT was dispersed in distilled water and
strong oxidizers like potassium permanganate and sulfuric acid are added in it and
then placed in autoclave reactor and heated at 180 °C for more than 18 h. After that
black solution was purified through repeated washing. The conductivity of obtained
graphene is very poor due to oxidation of basal plane [267]. This is a very
expensive technique for the synthesis of graphene as CNT is utilized as a starting
material.
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8.3.5 Reduction of CO

Pristine graphenes are produced through reduction of CO by self-propagating
high-temperature synthesis (SHS) [268]. Magnesium acts as a reducer of carbon for
the synthesis of expanded graphite and multiple layers graphene. Magnesium
reduced CO, [269] and CO2 (dry ice) [270] to form graphene sheets. In conven-
tional calcination method, magnesium reduced CaCO3 is used to produce few
layers of graphene. The mixture of Mg and CaCO3 was placed in crucible then put
in a closed steel container under CO2 atmosphere. The reaction mixture is then
ignited by electrical device to form black product. The obtained product is then
purified to get pristine graphene. The prime drawback of this method is the presence
of impurities which are not easy to separate from graphene [271]. All the down–up
approaches are shortly presented in Table 4.

9 Summary

Diamond and fullerene are two natural allotropes of carbon with significant
importance in the area of materials engineering. Synthesis of these two form of
carbon by artificial means holds massive importance in developing
high-performance materials. The unique morphology and inertness in structure
towards various environments open up a new avenue of its engineering application.
The high electrical and thermal conductivity are essentially relating its importance
in various electrical equipment like solar cell, etc. Three types of graphite are
mentioned herein, namely graphite electrode, water-soluble graphite, and expanded
graphite. The synthesis of graphite was mentioned by hydrothermal process.
Moreover, the graphite was also synthesized by nonconventional method. Graphite
ribbon was synthesized by fusing benzenoid hydrocarbons via electrophile-induced
cyclization route. Synthesis of carbon black involves the use of gas, liquid or solid
precursors which may include synthetic as well as naturally occurring materials.
Different synthesis methods and manufacturing procedures offer the scope of
synthesis of carbon black with wide range of structural dimensions. However, the
use of naturally occurring or synthetic waste materials as the necessary resources is
of great interest for the future progress in the related field. Moreover, carbon black
is also prepared by pyrolysis of polymer and hydrocarbon, plasma synthesis, and by
hydrolysis of natural resources. The synthesis of high-performance carbon fibers
was carried out from mesophase pitch or polyacrylonitrile (PAN). This entire
process was categorized into five steps namely spinning, stabilizing, carbonizing,
treating the surface, and sizing. Carbon nanofiber was synthesized by CVD as well
as electrospinning and template methods. High-quality carbon nanofiber was syn-
thesized by chemical vapor deposition of methane on the patterned substrates.
Electrospinning process was used to fabricate nonwoven and ultrafine nanoscale
fibers with diameters ranging from 3 nm to several microns. This process is highly
popular because of its simplicity, affordability, and flexibility in selection of wide
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range of materials, high surface-to-volume ratio, and tunable porosity. Template
method is widely and basically used to produce one-dimensional carbon material.
Anodic aluminum oxide, mesoporous silica, and Te nanowires are generally used in
this technique. Synthesis of fibers and submicron tubes of carbon is reported
through the pyrolytic carbon decomposition of propylene on the pore wall of alu-
minum oxide film. Conventional techniques for synthesis of CNTs are performed at
high temperatures to enable the catalyst and disintegrate carbon source for synthesis
of CNTs. Such higher temperatures can lead to thermal fluctuations with the cat-
alyst which may lead to deformation and aggregation of catalyst nanoparticles.
Furthermore, it can lead to particle aggregation onto substrates leading to formation
of CNTs with wider chirality distribution. Despite yielding high-quality CNTs, arc
discharge and laser ablation methods are expensive method of synthesis of CNTs
on large scale. CVD is the best-suited, economically feasible method of production
of carbon nanotubes on large scale but the application is more suited towards the
production of SWNT. CoMoCAT® & HiPco® have a tremendous potential of
scaling up to large-scale process for the manufacture of CNTs. Pyrolysis electrol-
ysis, flame method, and ultrasonication are some other processes which are well
documented and can be worked upon to increase yield/purity of CNTs. Some other
reported techniques for CNT production using mechanisms such as capillary micro
fluids and Dip pen technology at room temperatures which can counter
high-temperature processes such as CVD are the processes for the future. Among
different synthesis methods, epitaxial growth and CVD techniques are suitable for
the production of high-quality graphene and colloidal suspension method stands out
for the high yield production of chemically modified graphene and used for the
broad area of applications. However, all the methods have some advantages and
disadvantage.
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Surface Modification/Functionalization
of Carbon Materials by Different
Techniques: An Overview

Lalatendu Nayak, Mostafizur Rahaman and Radhashyam Giri

Abstract Carbon materials have agglomeration tendency because of high van der
Wall force of interaction among the carbon particles. This agglomeration tendency
has been an obstacle for their application in different fields. In order to reduce this
agglomeration tendency and to explore their application areas, different surface
modification/functionalization processes have been successfully developed by
researchers. Surface functionalization reduces the agglomerating tendency of car-
bon materials and increases the carbon–polymer interfacial adhesion through
covalent or ionic bonds. This chapter aims to depict an overview on the different
types of surface functionalization techniques applied to different carbon materials
like carbon blacks (CB), carbon nanotubes (CNTs), carbon nanofibers (CNFs),
graphenes, and fullerenes. The methodology like wet oxidation (oxidation using
nitric acid, sulfuric acid, hydrogen peroxide, potassium permanganate, etc.), dry
oxidation (oxidation with air, ozone, plasma, etc.), amidation, silanization, silyla-
tion, polymer grafting, polymer wrapping, surfactant adsorption, and encapsulation
have been presented with different examples. All the functionalization processes
have been highlighted with their specific application. The gathering of different
functionalization processes in this chapter will provide deep understanding
regarding the selection of a particular technique for specific application.
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Keywords Functionalization � Carbon nanotube � Carbon nanofiber
Ozone � Plasma � Polymer grafting � Encapsulation

1 Introduction

This chapter discusses the surface modification of different carbon materials like CB,
CNTs, CNFs, fullerene, and graphene. These materials are generally hydrophobic in
nature and have low surface energy, which make these fillers incompatible with
polar solvents and some polymer matrices. The strong interparticle van der Waals
force of interaction and low surface energy tend to agglomerate these materials into
macro-visible clusters. These clusters reduce the wetting properties with polymer
matrices and act as barriers toward the effective load transfer from the polymer
matrix to fillers. The carbon fillers with good wetting properties can be dispersed
easily in polymer matrices and in different dispersion medium. The wetting prop-
erties of carbon materials are directly related to its degree of surface functionality.
The uniform dispersion of fillers in the polymer matrix and desirable filler–polymer
interaction are the major factors in order to produce composites with enhanced
properties. The agglomerating tendency, poor dispersion, and weak interfacial
bonding in carbon filler–polymer composite can be overcome by suitably modifying
the surface of filler. This surface modification/functionalization reduces the
agglomerating tendency of fillers by increasing filler–polymer interfacial adhesion
through chemical bonding. Therefore, significant efforts have been directed in order
to develop different methods to functionalize carbon fillers [1–5].

Functionalization methods can be conveniently divided into chemical func-
tionalization (or covalent functionalization) and physical modification (or nonco-
valent functionalization) method based on the type of interactions involved between
the active molecules and carbon atoms on the fillers. During chemical functional-
ization, different functional groups are attached to the surface of filler by covalent
bonds. The chemically functionalized filler can produce strong interfacial bonds
with polar or semipolar mediums/polymers and allow the composites to possess
high mechanical strength and other functional properties. Functionalized fillers
disperse easily in different polar media and enhance color properties in paint,
costing, and ink.

In case of conductive applications, covalent functionalization of fillers is not
required. During chemical treatment, p−p conjugation system on the surface of
filler which is responsible for electrical conduction is damaged with the change of
hybridization from sp2 to sp3. Hence, there is a great interest in noncovalent
functionalization in these areas. In this approach, the p−p conjugation system in the
surface graphene layer of CNTs/CNFs is not disrupted and their full original
properties are retained. CNTs/CNFs undergo noncovalent functionalization by
forming van der Wall force of interaction between the tube wall and the reacting
molecules or by wrapping molecules helically round the tubes.
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2 Different Techniques for the Modification/
Functionalization of Carbon Materials

Surface functionalization/modification of carbon materials is done basically by some
oxidative processes. The oxidized materials again act as precursors for further
chemical modifications, like silanation [6], polymer grafting [7], esterification [8],
alkylation, arylation [9], etc. Oxidation takes place inwet condition using strong acids
such as HNO3, H2SO4 or a mixture of them [10], or with other strong oxidants such as
KMnO4 [11], and also in dry condition like ozone [6, 12], and reactive plasma [13, 14].
Nondestructive surface modification is done by wrapping and encapsulating pro-
cesses [15, 16]. Taking the example of one carbon nanotube, possible reactive sites
and functionalization processes of carbon materials are shown in Fig. 1.

2.1 Surface Oxidation

Carbon filler having highly polar surfaces is essential for high-quality coating,
printing inks, and for reinforcing in polar polymers. Oxidized fillers improve

Fig. 1 Possible sites for functionalization and functionalization processes for CNTs: a covalent
sidewall functionalization, b functionalization at defective sites, c noncovalent functionalization by
surfactants adsorption, d wrapping of polymer chains, and e encapsulation of foreign materials [2]
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wettability and reinforcing efficiency in polymer compounds and enhance dis-
persion stability in the binder system (stability in storage) and the rheological
behavior of the paint and printing ink. In case of carbon black system, furnace
black possesses very small quantities of oxygen in the form of basic surface
oxides. Similarly, CNTs and CNFs have also inert surfaces. A considerable
amount of oxygen-containing functional groups can be attached on the surface of
carbon materials by treating with strong oxidizing agents in a gas phase or an
aqueous medium. Common oxidizing agents for large-scale industrial processes
are ozone, air, nitric oxide/air mixtures, and nitric acid. Another highly efficient
method for surface oxidation is plasma method, where powdery fillers are mod-
ified efficiently in a very short time. The attachment of functional groups to the
carbon materials after oxidation is shown schematically in Fig. 2, where different
functional groups like carboxylic, ketonic, quinine, hydroquinone, phenolic, or
hydroxylic groups are attached to the surface of carbon materials surface by
covalent bonding.

2.1.1 Wet Oxidation

Wet oxidation is a cost-effective process for the surface modification of carbon
materials. Strong oxidizing agents such as HNO3, HNO3 + H2SO4 [10, 17, 18],
H2SO4 + KMnO4 [19], and H2SO4 + H2O2 [20, 21] are used to oxidize carbon
fillers. By the surface oxidation, different oxygen-containing polar groups so-called
volatile constituents are attached to the surface of carbon materials. The volatile
constituents or polar groups have a crucial influence on the dispersion of carbon
materials in aqueous systems. The greater the content of volatile constituents in the
carbon materials, the greater is their hydrophilic character and the better is their
dispersion in aqueous-based binder systems.
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Fig. 2 Schematic presentation on the attachment of different functional groups after surface
oxidation of carbon material
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Wet oxidation of carbon blacks
From many years, channel carbon blacks have been exclusively used in printing
inks and other coloring applications because of their excellent tint strength and high
volatile contents. The volatile content of commercial channel blacks is of more than
5% by weight. The fluffy form and high volatile content readily disperse these
blacks in solvents and contribute to excellent flow characteristics. Channel blacks
are of high cost. Hence, maximum ink and color industries are using furnace black
as a substitute of channel black. It is estimated that at least about 70% of all inks
and color contain furnace blacks as pigments.

Furnace blacks have very low surface polar groups (volatile content less than
1 wt%) and hence adversely affect the dispersibility in pigment. To enhance the
dispersibility and flow behavior, different surfactants are used. Without any sur-
factants, the flow behavior is improved by increasing the volatile content on the
surface of furnace blacks by way of oxidation process. Many works have been
carried out to prepare surface oxidized furnace blacks of excellent flow properties in
ink vehicle and excellent tinting strength with a high degree of dispersibility, which
will be suitable for use in high concentrations in different media. Out of them, nitric
acid treatment is a very popular industrial scalable process in carbon black indus-
tries to convert low polar furnace carbon black to high polar color carbon black.
Nitric acid is added to the pelletizing water and then the carbon black is oxidized at
elevated temperatures during drying.

Jordan et al. [22] in their work developed flow behavior and color properties of a
furnace black through nitric acid oxidation and fluid energy attrition process. In
their study, furnace carbon black was mixed with nitric acid and rotated at 3 rpm in
a drum drier at temperature 300 °F. The oxidized black was further subdivided by
the action of a fluid energy mill. The so treated blacks showed superior PC fitness
value, flow characteristics, and color properties than those of commercial channel
black pigment.

In another study, Boonstra et al. [23] oxidized different grades of furnace carbon
black with nitric acid and studied their reinforcing efficiency in butyl rubber.
Oxidation was carried out taking different concentrations of nitric acid as shown in
Table 1. The black was well mixed with nitric acid through stirring and pushed
through an 8 mesh screen to break up any large lumps. The damp granules were

Table 1 The effect of nitric acid treatment on the surface properties of carbon black [23]

Carbon black Concentration of HNO3 (%)
Black:HNO3 = (1:1.1)

Volatile (%) pH N2SA (m2/g)

Furnace black 0 1.9 7.6 95.6

5 3.8 3.3

10 4.9 2.9

15 5.7 3.2

25 6.6 3.2 96.4

25a 7.6 2.4 105
a220 parts of 25%
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then dried for 24 h at 250 °F (121 °C) in a carefully controlled forced air oven.
They observed that the proportion of solution to black is not especially critical but
the amount of solution should be at least enough to completely wet the black
involved. The complete wetting of back was achieved by the use of approximately
an equal amount of black to acid by weight. The polarity of black (% of volatile
content) was increased with increasing concentration of nitric acid in solution. At
25% of nitric acid in solution, the percentage of volatile content was increased up to
6.6% at 1:1.1 black to nitric acid solution. At 5% nitric acid, a considerable amount
(3.8%) of volatile content was achieved in black. Such chemically oxidized blacks
improved tensile strength, modulus, rebound, hysteresis, and other such properties
of the butyl vulcanizates. The black which has been treated with a solution of 15%
HNO3 has a higher tensile, higher percent elongation, lower modulus, lower
hardness, lower hysteresis, and lower heat buildup than the corresponding com-
position made with untreated black.

In the surface oxidation process, the proportion of COOH groups is increased
with the increase in oxidation time or concentration of oxidant; on the contrary, the
proportion of OH-groups is increased to a specific amount and after that, it remains
stationary, whatever the conditions of the oxidation process may be [24].

Oxidation of carbon black by hydrogen peroxide is another simple conventional
process. Like nitric acid treatment, the carbon blacks are efficiently oxidized in
industrial quantities by hydrogen peroxide treatment using standard carbon black
production equipment and production rates. This treatment does not produce any
hazardous emissions and does not require any special handling. Curtis et al. [25]
used hydrogen peroxide solution for carbon black beading instead of water solution.
Black was mixed with hydrogen peroxide solution at 1:1 weight ratio in pin beader.
Wet black pellets were then dried for 1 h at 350 °F. Volatile content was increased
from 2.6 to 3.8% by 30% hydrogen peroxide solution.

Water-based pigment ink is used in order to get a light and water resistance
recorded image. Carbon black commercially available for color purpose is an acidic
black. But, acidic black has no enough water dispersibility to be used as a colorant
for water-based pigment ink. Therefore, carbon blacks are finely dispersed and
stabilized in water medium by the use of different water-soluble dispersants like
styrene-(meth)acrylic resin, styrene-maleic resin, etc. Resin-based ink is viscous.
When it is used in ink jet ink printing or fine pen writing, it adheres to the orifice or
pen tip. This adhered resin is difficult to dissolve again and orifice or pen tip is
clogged. Another difficulty is its viscosity, which forms a resisting force for free
flow of ink to the nozzle of ink jet printing head or tip of pen when continuous or
high-speed printing or writing is conducted. To reduce the viscosity of this ink, low
concentration of carbon black is used, which results in poor printing density. Hence,
in order to overcome abovementioned problem, Nagasawa [26] prepared a
water-based ink without using any dispersing aid, where an acidic CB was oxidized
with a hypohalite salt (sodium hypohalite) in water. The resulted CB when applied
to a printer showed high stability of ink jetting and printing was rapid and smooth.
Water resistant of printed matter was good. In a similar study by Ito et al. [27] both
channel black and acidic furnace black were treated with sodium hypochlorite.
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These treated blacks also exhibited high print density and good storage stability
even after storing the black for one month at 50 °C.

In 2014, Sekiyama et al. [28] described the modification of acidic carbon black
which exhibited excellent blackness, dispersibility, and storage stability, and also
excellent discharge capability in an aqueous black pigment ink. In their study,
modified CB was prepared by neutralizing nearly 50% of acidic hydroxyl groups
attached to CB with a polyvalent cation and remaining acidic hydroxyl groups with
a monovalent cation.

Modification of CB for a nonaqueous ink was carried out by Adams and
Belmont [29], where modified black was attached to at least one organic group and
the organic group was attached to at least aromatic group and one ionic or ionizable
group. CB was treated with salts of different organic materials, but the treatment of
CB with sulfanilic acid and sodium nitrate exhibited more optically dense, jetter,
bluer, and gloss properties to the coating compared to other treatments. In their
study, modification was also done using both oxidized and non-oxidized CB. The
oxidized CB product showed greater optical density, jetness, and bluer undertone
than untreated CB.

Wet oxidation of CNTs and CNFs
Other different carbon materials like CNTs, CNFs, graphene, and graphite are also
surface modified by the same processes as applied for carbon black modification.
CNTs, CNFs, and graphene have received great attention in biomedical, electrical,
electronics, and electromagnetic interference shielding applications due to their
high stiffness and mechanical strength, high electrical and thermal conductivity
(more conductive than copper), lightweight, and low density. The hydrophobic
nature, high aspect ratio, high surface area, and strong van der Waal force of
attraction tend CNTs and CNFs to agglomerates and consequently lead to inho-
mogeneous dispersion in different dispersing media. One of the important chal-
lenges in developing applications of these nanofillers is their homogeneous and
reproducible dispersion in the applied medium. In order to realize their potential
and attain the unique reinforcing and electronic conduction efficiency in applied
medium, there is the necessity of homogeneous dispersion as well as a strong
interfacial interaction between the filler particles and dispersing medium. Various
types of chemical functionalizations [17–21] have been carried out by different
researchers to increase their hydrophilicity for good dispersion and interfacial
interaction with different media. Functional groups are attached on the sidewalls as
well as at the open ends of CNTs/CNFs by different oxidative processes. The
defects on CNTs/CNFs created by oxidants are stabilized by bonding with car-
boxylic acid (–COOH) or hydroxyl (–OH) groups.

Raw CNTs/CNFs have been oxidized by various types of oxidants at different
processing conditions (varying oxidant concentration, temperature, treatment time
and sonication time) to add functional groups on the surface. Oxidation of CNTs
using concentrated acids is a popular functionalization method on the
laboratory-scale in order to enhance the mechanical properties of polymer com-
posites. Sahoo et al. oxidized raw MWNTs with H2SO4/HNO3 (3:1) at 90 °C for

Surface Modification/Functionalization of Carbon Materials … 71



10 min with vigorous stirring and incorporated those in polyurathene. A 740%
increase in modulus and 180% increase in tensile strength over pure PU were
achieved at 20 wt% oxidized MWNT loading [17]. Chemical oxidation increases
the dispersibility of CNTs and CNFs into the polymer matrix by covalent bonding
and increases the mechanical and thermal properties of composites. But during the
chemical functionalization, the ability of CNTs/CNFs to impart conductivity to the
composite reduces because of the reduction in aspect ratio and damage of conju-
gated p bonds on the surface of CNTs/CNFs. So et al. [30] incorporated both
oxidized and virgin CNTs into PI matrix and stated that unfunctionalized CNTs
impart higher conductivity compared to functionalized one. A similar study was
carried out Spitalsky et al. [31] introducing oxidized multi-walled carbon nanotubes
(MWCNT) in epoxy, where a two fold increase in flexural modulus and two orders
of magnitude decrease in DC conductivity were observed. In another study, Simsek
et al. [32] reported that nanocomposites containing amino-functionalized carbon
nanotubes exhibit relatively lower electrical conductivity compared to those with
unfunctionalized ones.

2.1.2 Dry Oxidation (Gas Phase Oxidation)

Wet oxidation is unattractive for industrial scale functionalization because of its
environment and health hazardous nature. Chemicals used in this process are highly
corrosive and difficult to handle. During this process, different hazardous gases are
eliminated, which may be subjected to regulatory scrutiny for environmental and
health reason. This process reduces yield by overoxidation and also tend to form
lumps or aggregates of carbon materials. Materials so treated obviously lose their
fluffy nature so desired for pigment applications. In order to prepare loose, fluffy or
if desired pelleted carbon materials without any effect on materials colloidal
properties, different dry oxidation processes or called gas phase oxidation like air,
ozone, steam, and mixture of air with some gases are used. Dry oxidation eliminates
above mentioned problems during wet oxidation. It eliminates waste and drying
steps.

Oxidation with Air

The oxidation of carbon materials using only air is a simple process, where surface
hydrophilicity is increased along with the increase in surface area. Carbon materials
in air start to oxidize at temperature above 300 °C. At temperature 300 °C,
amorphous carbon starts to oxidize. Sufficient number of oxygen groups on the
surface of carbon blacks can only be achieved at temperatures below 400 °C.
Oxidation in the presence of both air and nitrogen dioxide provides more surface
oxides compared to only air. The nitrogen dioxide acts as a catalyst in oxidizing the
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carbon surface. In this process, at first, the carbon black is oxidized with the mixture
of nitrogen dioxide and air. Then in the second step, the oxidized carbon black is
treated with hot air in order to desorb the nitrogen dioxide adsorbed on the carbon
black surface at the time of oxidation [33]. Air oxidation technique is a
time-consuming technique, which may take several hours, depending on the type of
carbon black and the desired degree of oxidation. This type of aftertreatment is
carried out preferentially in rotary drum or fluidized bed reactors.

Surface functionalization of CNTs/CNF/graphene by air oxidation takes place at
higher temperature compared to carbon blacks. The amorphous carbons, surface
layer with pentagons and heptagons are more reactive to air compared to hexagonal
graphite layer of these fillers. At first, amorphous carbonaceous material is oxidized
and etched out in the form of CO2, then caped ends and curvature of these fillers
are oxidized because these have a greater strain and contain pentagons or
heptagons [34].

Li et al. [35] thermally oxidize multiwall carbon nanotubes in the presence of air
in a tube type furnace. The quartz tube loaded with CNTs was placed in the oven
and rotated at the rate of 25 rpm, so that sample was evenly exposed to the air in
order to achieve uniform oxidation. They oxidized at different temperatures ranging
from 480 to 750 °C for 20 min each and stated that air oxidation enhances the
specific surface area and improved the intrinsic morphology of CNTs. Higher
conductivity for air oxidized MWCNTs compared to acid oxidized ones at the same
concentration was reported by Park et al. [36]. Similar results were also reported by
Yuen et al. [37].

Oxidation with Ozone

Oxidation by O3 is particularly a well suited industrially viable process to produce
cost-effective modified carbon material. O3 is now produced inexpensively in large
quantity and also readily decomposed to O2 in water or upon reacted with unsat-
urated molecules. Successful functionalization or modification of carbon materials
using O3 has been reported by many researchers [38–58].

Ozonation takes place basically at room temperature by properly exposing
powder materials to ozone gas in a reactor. Ozone from ozone generator is passed
through a reactor, where powder material is reacted with ozone. The remaining
unreacted ozone is passed to the outside of reactor and is decomposed by an ozone
decomposer. For the oxidation of all carbon particles, the carbon powders have to
be kept in motion inside the reactor. Fluidized bed reactor, where carbon black is
fluidized by incoming ozone gas, is particularly suitable for fine particles of high
structure. Large particles of small structure are not fluidized by gas and these are
treated with ozone in any stirred stationary reactor or rotary kilns. By the reaction of
carbon materials with O3, a variety of oxygen-bearing polar groups are generated.
These functional groups permit carbon materials to disperse much more easily in
different solvents.

Surface Modification/Functionalization of Carbon Materials … 73



Ozonation of Carbon Blacks
Carbon blacks are very reactive towards O3 and their oxidation with gaseous ozone
has been well studied. For pigment/ink purpose, long flow with high concentration
of carbon black is required. To get a modified carbon black of good flow behavior
and good color strength for ink or any color application, selection of suitable
furnace black is very important; otherwise, the optimum combination of flow and
color strength cannot be achieved. The furnace black subjected for modification
should be of high surface area, small particle diameter, and very low structure.
Carbon black having smaller particle diameter and smaller structure imparts higher
flow characteristics and higher color in ink. Melore and Eckert [38] in their study
showed a comparative statement on the effect of high color channel black and ozone
oxidized furnace black in ink properties. An attempt to prepare ozone modified
black at industrially scalable rate was taken. Carbon black was oxidized at different
ratio of black to ozone concentration using one rotary drum reactor. On their
modification condition, black to ozone ratio less than 17:1 showed flow behavior
and blue tone much better than commercially available peerless channel black.
They also observed ozonation at different temperature 20–400 °F and noticed that
varying operating temperature over a range from 20 to 200 °F, no noticeable dif-
ferent in results, but at higher temperature around 300–400 °F, a pitting of surface
of the black particles resulted.

In 1996, Sutherland et al. [39] studied the effect of ozone treatment on the
surface of different furnace blacks using a fluidized bed reactor and examined the
oxidation level and functional groups introduced on the surface by varying
ozonation voltage. Ozone concentration in the O3/O2 mixture was increased and
simultaneously the surface oxygen concentration was increased. A decrease in
ozone concentration and increase in functionalization was observed with the
increase in oxygen flow rate. When oxygen flow rate increases, O3 concentration
decreases, but the total volume of ozone increases, which increases the surface
functionalization. Carbon black surface oxidation is also significantly affected by
treatment time. Oxygen concentration on the surface of blacks is steadily increased
with treatment time at constant voltage and at constant flow rate. From this study, it
was also observed that under the same treatment conditions, surface oxygen con-
centration was decreased with increasing surface area as shown in Fig. 3a. They
have also studied the effect of ozone oxidation on PH and stated that (Fig. 3b) the
pH value initially decreases significantly with increasing oxygen concentration and
reaches a limiting value around 2 above a surface oxygen concentration of around
6 at.%. The initial decrease may be attributed to the increase in acidic carboxylic
groups on the surface of CB due to ozone oxidation. 6 wt% oxygen concentration
may be related to the limiting monolayer oxidation level of CB. Further increase in
surface oxygen concentration can be attributed to the increase in oxidation level
below the first monolayer, and therefore it does not affect the pH value.

Fluidization of carbon blacks depends on their bulk density, surface area,
structure, and particle size. The furnace black in the form of coarse particles do not
form a stable fluidized bed. They often form channels through which carrier gases
flow. For proper fluidization of carbon blacks with different carrier gases,
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Stenger et al. [40] designed a fluidized reactor, where one additional gas stream was
introduced to fluidized bed in the direction opposite to the main gas stream of the
fluidized bed. The additional gas stream in counter direction creates complete
fluidized bed for the carbon blacks having coarse particles. They exposed carbon
black to ozone in this designed reactor and achieved 7.5% volatile content by
supplying 50 gm/cm3 ozone for 6.5 h.

Yeh et al. [41] ozonized carbon black in a solution phase. One channel carbon
black was dispersed in water by one stirrer in a reactor vessel, then O3 was supplied
from the bottom side of reactor and carbon black was oxidized with O3 dissolved in
water. The reaction was carried out for 3 h and then adjusting pH of solution to
6.5–7 by adding sodium hydroxide, the treated black was recirculated through a
microfluidizer for 5 h. The obtained product was self-dispersible without any
particle sedimentation after 6 months.

Ozonation of CNTs/CNFs
Ozonation of other carbonmaterials like carbon nanotubes (MWCNTs and SWCNTs)
have been successfully reported [42–46]. O3 has been used for purification as well as
surface modification CNTs and CNFs [47, 48]. By the ozone treatment, amorphous
carbons are removed from the surface of nanotubes and a variety of functional groups,
such as alcoholic, carboxylic, ketonic, esteric, and aldehydic moieties are generated
on the surface of nanotubes. Functional groups are attached by a 1,3 dipolar
cycloaddition of ozone to the double bonds present in CNTs following Criegee’s
mechanism [49]. These polar functional groups permit the carbon nanotubes to be
dispersed easily in different solvents and in different polymers. Vennerberg et al. [42]
used gas phase oxidation treatment with MWCNTs in a fluidized bed reactor.
Significant level of oxidation (approx. 8 atomic%ofO)was achievedwith a very little
damage to the sidewall of MWCNTs. They observed primarily hydroxyl functional

Fig. 3 a Effects of carbon black specific surface area on surface oxygen concentration by ozone
treatment, b pH value of carbon black (N330) with various surface oxidation levels [39]
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groups are attached to the nanotubes surface during short exposure to O3, but when
oxidation takes place for long time, mainly carboxylic acid groups are formed. The
defects present on the surface of nanotubes were found to play an important role in the
oxidation mechanism.

The reaction of ozone with the carbon materials is basically carried out as a gas–
solid process, but achieving of uniform oxidation of CNTs within a macroscopic
agglomeration has been a great challenge, especially when the reaction size is large.
Some reports are also available on the treatment of CNTs with ozone in solution
phase, where CNTs are sonicated in water and O3 is bubbled through the dispersion
to oxidize CNTs to required level [19, 43–45, 47, 50–53]. In aqueous solution, O3

can be decomposed into the hydroxyl radical, which is indeed stronger oxidant
(standard reduction potential E° = 3.06 V) than the ozone molecule (E° = 2.06 V).
This transformation of ozone into hydroxyl radicals is pH dependent [54, 55].
Morales-Lara et al. [56], in their study, compared the functionalization of multiwall
carbon nanotubes by ozone at basic pH with oxygen plasma and ozone in gas phase
and stated that oxidation efficiency of ozone in basic aqueous solution is less than
that of ozone gas. At high pH, hydroxyl ions (OH−) are adsorbed to the carbon
atoms in CNTs, which kinetically restrict the hydroxyl radicals produced by O3 in
water to react with carbon atoms. Hence, an increase in basic pH in water reduces
the oxidation efficiency of O3.

Instead of water, Peng et al. [53] used water vapor with O3 as a mixture to
oxidize CNTs with low cost and mass production simultaneously. In their work,
MWCNTs were exposed to the mixture of O3 and water vapor at room temperature
and more oxygenated functional groups were attached to the surface of CNTs
compared to traditional approaches where high density of ozone is needed. In their
study, the degree of oxidation using O3-water vapor for the treatment time 0.5 h
was more than five times to that of oxidation with only ozone for 6 h. Hydroxyl
radicals might have been formed by the partial decomposition of O3 in the presence
of H2O vapor [55, 57, 58]. These hydroxyl radicals are considered to be responsible
for high degree of oxidation. The higher oxidation potential feature of hydroxyl
radical compared to O3 facilitates higher rate of electrophilic addition reaction with
unsaturated “p” electrons present in CNTs [53, 59]. So, more amounts of
oxygen-containing functional groups are introduced onto surface of CNTs.

Plasma

Plasma is an electrical conductive ionized gaseous form of a matter. When a gas is
subjected to either electromagnetic field or high temperature, molecules in the gas are
excited and variety of active species like electrons, ions, free radicals, and neutral
atoms are formed. This ionized form of gas is called plasma. The electromagnetic
energy is produced either by direct current (DC), or microwave (MW), or radiofre-
quency (RF) wave generator. It is a highly reactive chemical environment. Any
substance subjected to this plasma environment is bombarded with the active species
and bonding of new functional groups takes place on the surface of substance.
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Compared to other oxidation processes of carbon materials, the plasma treatment
process is of great interest because of its nonpolluting nature and very shorter
reaction time. During plasma treatment, free radicals, ions, and metastable species
cause ablation, cross-linking, and oxidation reactions depending on the nature of the
gases used in the plasma zone.

Basically, films and flat materials are subjected to plasma treatment. Powder
materials are not suitable for plasma treatment because of difficulties in their
uniform exposure to plasma gas. This treatment is also extremely difficult for
powdered carbon materials because of their highly agglomerating tendency and
sensitive to vapor at the time of plasma treatment. The combination of plasma
reactor geometry and plasma generator must be considered carefully for proper
surface oxidation of a powder material.

Plasmas are of different types like high-pressure plasma (HPP), low-pressure
plasma (LPP), and atmospheric pressure plasma (APP). In high HPP system, the
plasma gas is generated in a high vacuum chamber. This type of plasma system is
not suitable for the treatment of powdered materials. At the time of vacuuming the
chamber, the powder materials taken for plasma treatment are sucked outside of the
reactor chamber. Few literatures are available on the surface treatment of powdered
carbon materials by low-pressure plasma system using different reactors like rotary
drum reactor, downstream reactor, and circulating fluidized bed reactor [60–62].

Bruser et al. [63] modified the surface of carbon nanofibers by treating ammonia,
O2, CO2, H2O, and HCOOH using a rotary drum reactor under low-pressure plasma
condition and observed improved wettability of fibers after treatment. Different
plasma gases tested were found to show an increasing effectiveness in the following
order: HCCO < H2O < CO2 < O2. A study performed by Favia et al. [64] also used
this type of reactor and observed an enhancement in hydrophillicity of carbon black
granules by oxygen and ammonia RF plasma.

Heintze et al. [65] in their study used one fluidized bed reactor shown in Fig. 4
for the surface modification of CNFs in LPP condition. In this system, CNFs were
fed to the plasma reactor from a reservoir by means of a screw system, and then the

Fig. 4 Cold plasma reactor designed by Heintze et al. [65]
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flow of gas forced the nanofibers to go throw the plasma and collected at the end of
the reactor.

Although few literatures are available on plasma treatment of carbon materials at
low and high pressure and carbon black surfaces are oxidized successfully, but the
treatment of powder materials in high/low-pressure plasma condition is difficult,
because in a vacuum condition it is difficult to stir, fluidize the powder materials for
the homogeneous disposure to the plasma. High precautions are required during the
pumping down time to avoid the powder traveling to the pump.

Treatment of carbon materials has been attempted using APP system. It can
overcome some inconveniences in low/high-pressure plasma system but difficult for
the uniform treatment of powdered material. The main advantages of APP are the
elimination of vacuum systems, reduction of costs, and the possibility to be used in
continuous systems. Compared to LPP, a very limited number of published papers
are available in APP system [66, 67].

APP is generated by different ways like microwave, DC excitation (electric arc),
AC excitation (corona discharge, dielectric barrier discharge). It is generated
without chamber or a chamber at atmospheric pressure. Very limited works are
available for the treatment of powder materials using APP, and basically, study is
carried out by APP generated from dielectric barrier discharge (DBD), where one of
the electrodes or both are covered by a dielectric layer in order to minimize elec-
tricity intensity and avoid arcing between the two electrodes.

First plasma treatment of carbon material using APP technique was done by
Hanabasu et al. [68]; where activated carbon granules were coated with SiC using
SiH4–CH4 and SiH4–C2H4 as source gases. The reaction was carried out in a
fluidized bed reactor coupled to plasma jet at atmospheric pressure and temperature.
Erden et al. [69] in their study stated a continuous plasma oxidation of carbon fibers
using APP technique. A schematic presentation of a continuous plasma modifica-
tion setup is shown in Fig. 5, where plasma oxygen gas was ionized to form plasma
jet. The reactor was designed using a long borosilicate glass. In order to maximize
the fibers exposure to plasma oxygen, the carbon fiber roving was lined up by
means of phenolic resin roller pins inside the reactor allowing the fibers to be
looped 3 times through the plasma jet. Similar work has also been carried out by
Bismark and his coworker [70]. They have introduced fluorine groups on the
surface of carbon fibers by a continuous atmospheric plasma fluorination process to
enhance the adhesion of fibers with fluoropolymers. Atmospheric plasma fluori-
nation (APF) was conducted by ionizing chlorodifluoromethane in an open air
Plasma Technology system (single rotating FLUME Jet RD1004, Plasmatreat,
Steinhagen, Germany)

Surface treatment of CNTs and CNFs has also been extensively studied using
air, oxygen, carbon dioxide, ammonia, nitrogen, fluorine, etc., as reactive plasma
gages [67, 71–73]. Chirila et al. [74] studied the surface oxidation of CNFs using
oxygen plasma. The effects of plasma power, chamber pressure, plasma frequency
(radio frequency or microwave) as well as the effects of the treatment time on the
quantity of functional groups attached to the surface of CNFs were examined.
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In microwave plasma, the wettability of nanofibers was improved up to 68%,
wherein RF plasma wettability was increased by 20%.

Bubert et al. [72] observed the influence of plasma power, treatment time,
pressure of gas, and type of plasma gas on the surface functionality of CNTs using
both vibrating as well as a fluidized bed reactor. Mixture of argon and oxygen or
argon and carbon dioxide was used as plasma gas, treatment time was between 5
and 60 min, and plasma power was between 80 and 150 W. The efficiency of
plasma treatment was gas pressure dependent. Oxygen concentration on CNTs
surface was increased with the decrease in gas pressure. After some minutes of
plasma treatment, the surface was saturated with oxygen-containing functional
groups. Oxygen concentration was not increased by further treatment, but the
distribution of different functional groups was influenced. The concentration of
carboxylic group was increased with the decrease in concentration of hydroxyl
groups. They also observed that the lower the plasma power, the higher the
oxygen-containing functional groups.

The above mentioned plasma treatment of carbon materials has been able to treat
very small amount of materials. No literature is available for industrial scale
treatment. The main problem for continuous treatment of powder materials

Fig. 5 Schematic presentation of different ways for carbon fibers fluorination by atmospheric
plasma: a batch, b continuous single sided, and c continuous double-sided plasma treatment
process [70]
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inproper fluidization which tends to inhomogeneous treatment of powder in plasma
zone. Blockage of the system due to the adhesion of powder on the wall of plasma
chamber is also the major problem for the treatment of powder materials in large
scale. Especially for carbon nanomaterials like CNTs, CNFs, grapheme, and
fulerene, plasma treatment is not suitable, because these materials are in agglom-
erated form and are not uniformly exposed to plasma. Hence, there is a need for
further research to overcome the above mentioned problems for continuous oper-
ation in industrial scale.

2.2 Covalent Coupling via the Oxidized Carbon Materials

To get a stable and homogeneous dispersion of carbon materials in a specific
solvent and their good interaction with specific polymer, and also for other special
applications, the oxidized carbon materials are further functionalized. The carboxyl
unit present on the surface of carbon materials helps for further functionalization.

2.2.1 Amidation

Oxidized carbon materials undergo amidation (attachment of nitrogen-containing
molecules) in order to enhance their solubility with different solvents, to be used as
catalyst, sensor, and to enhance the reinforcement in polymer composites. Various
methods have been reported for the attachment of nitrogen-containing molecules on
the surface of different carbon materials [75, 76]. Oxidized carbon materials
undergo amidation either reacting directly with amine-containing molecules or
through an intermediate reaction with thionyl chloride or a coupling agent. Active
carboxyl groups first react with thionyl chloride, then this derivative reacts with
different long-chain alkyl amines like octadecylamine (ODA) [77], glucosamine
[78], glucosamine [79, 80], 4-dodecyl-aniline, and 4-CH3(CH2)13C6H4NH2 [81].
To modify single-walled carbon nanotubes (SWCNTs) with the amide function-
ality, Haddon et al. [81, 82] in their work first stirred SWCNTs in SOCl2 in
dimethyl formamide (DMF) at 70 °C for 24 h, and after centrifugation, decantation,
washing, and drying, the residual solid was mixed with octadecylamine (ODA) and
heated at 90–100 °C for 96 h. This amine functionalized SWCNTs showed sub-
stantial solubility in chloroform, dichloromethane, aromatic solvents (benzene,
toluene, chlorobenzene, 1,2-dichlorobenzene) CS2, etc.

Oxidized carbon materials are also amine functionalized under mild and neutral
conditions by using different coupling reagents like dicyclohexylcarbodiimide
(DCC), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC),
and N-hydroxyl sulfosuccinimide (sulfo-NHS) [83–86]. A schematic presentation
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of CNT amidation using EDC in order to prepare CNT-based biosensors by
reacting carboxylated CNTs with amine terminated biomolecules like proteins is
shown in Fig. 6.

In this study, at first EDC reacts with carboxyl group attached to CNT and an
unstable amine-reactive O-acylisourea intermediate is formed, which subsequently
reacts with an amine group and produces one stable amide bond. This intermediate
O-acylisourea is very unstable and suddenly converted to carboxyl group by
hydrolysis. This instability reduces the coupling efficiency. Hence, a water-soluble
reagent like N-hydroxy succinimide (NHS) or N-hydroxy sulfosuccinimide
(Sulfo-NHS) is added to the CNT dispersed solution before the addition of EDC.
This NHS or sulfo-NHS stabilizes the intermediate by converting it to a semi-stable
amine-reactive ester and increases the coupling efficiency.

Some researchers have also been able to attach amine-containing functional
groups on the surface of carbon materials using microwave assisted functional-
ization technique, treating carbon materials with supercritical ammonia liquid,
molten urea, and also treating carbon materials with ammonia at high temperature.
Wang et al. [88] directly treated oxidized SWCNTs with 2,6-dinitroaniline in a
microwave reactor for 10–15 min without any intermediate activated species and
successfully attached amine-containing functional groups to oxidized SWCNTs.
Amine modification is also done by exposing CNTs to a supercritical ammonia
fluid. Shao et al. [89] prepared supercritical ammonia fluid by exposing ammonia at
308 °C temperature and 9.82 MPa pressure in the steel cell. They observed
attachment of 5% atomic nitrogen by treating oxidized MWCNTs with this
supercritical ammonia for 10 min. Kundu et al. [90] successfully introduced
amine-containing functional groups on the surface of CNTs by directly heating
oxidized multi-walled carbon nanotubes at different temperature for 6 h in 10 vol%
NH3 in He and observed 6% of nitrogen on CNT surface when CNT was treated
with ammonia at 200 °C. In another study, Ford et al. [91] demonstrated a

Fig. 6 Schematic presentation of CNT amidation using EDC as coupling agent [87]

Surface Modification/Functionalization of Carbon Materials … 81



solvent-free amidation process for the preparation of excellent water-soluble
material, where oxidized MWCNTs were treated with molten urea and ureido
groups were attached to the MWCNTs surface and excellent water-soluble mate-
rials were developed.

2.2.2 Silylation

Silylation of carbon material is the attachment of a silyl group in order to enhance
the interfacial adhesion of carbon materials with different polymer matrices or to
disperse in specific solvent. A general silylation reaction mechanism is given in
Fig. 7. Oxidized carbon materials undergo silylation by reacting with any silyl
moiety in the presence of a base and are attached with a silyl group like Si(R)3.

Different organosilanes like trimethoxysilane, hexaphenyldisilane,
3-mercaptopropyl-trimethoxysilane, 3-methacryl trimethoxysilane, N (tert-butyl
dimethyl silyl)-N-methyl trifluoro acetamide and 1-(tert-butyl dimethyl silyl)
imidazole [92], 3-glycidoxypropyl-trimethoxysilane, 3-isocyanatopropyl-
triethoxysilane [93], vinyl triethoxysilane [94], 7-octenyltrichlorosilane, n octyl-
trichlorosilane [95], octadecyltrimethoxysilane [96], and 3-aminopropyl tri-
ethoxysilane [97] are extensively used for the silylation of different carbon materials.
Silanes act as coupling agent between carbon material and polymer molecules in a
composite and effectively transfer mechanical load from polymer to the carbon filler
and enhances the mechanical properties. Silylation increases the dispersibility and
stability of carbon materials in different solvents.

Depending on type of silyl moieties, the reaction is carried out at different pro-
cessing parameters. H. Gasper and his coworkers successfully introduced silyl
groups to a surface oxidized MWCNTs by reacting with various types of
organosilanes [98]. Silylation was carried out by two processes. In first process,
oxidized CNTs were reacted with organosilane in the presence of a base material like
triethylamine. First CNTs were dispersed in toluene and the reaction mixture having
CNT dispersed toluene, organosilane, and triethylamine was refluxed for 21 h.
After the reaction, CNTs were filtered and washed with toluene and dried in oven at
120 °C. In the second process, the reaction was carried out in the absence of a base
material. The reaction mechanism of silylation carried out between oxidized CNTs

Fig. 7 Schematic presentation of silylation of oxidized CNTs. Three R may be the same or
different chemical groups like alkyl, phenyl, alkoxy, or phenoxy groups. R′ is a leaving group
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and (3-pentafluorophenyl) triethoxysilane are schematically shown in Fig. 8 where
due to high electron-withdrawing capacity of phenyl ring, a strong electric dipole is
created between Si (d+) and pentafluorophenyl ring (d−). A nucleophilic attack may
be done on Si by the carboxyl or hydroxyl group attached to oxidized CNTs and
silylated carbon nanotube is formed. Silyl group may be added to CNTs directly by
the attack of p electrons in CNTs with the Si centre in alkyl moiety [99].

In another study, Masami Aizawa and Milo Shaffer refluxed different
organosilanes (3-mercaptopropyl-trimethoxysilane and 3- methacryl trimethoxysi-
lane) with oxidized MWCNTs at 1:1 weight ratio in an alcoholic medium and
successfully attached the silyl group to the surface of MWCNTs [92]. Silylation has
also been carried out in the presence of UV irradiation. Hemraj Benny and his
coworker have successfully developed silane containing functional groups on the
surface of acid functionalized single-wall carbon nanotubes by reacting with two
organosilanes (trimethoxysilane and hexaphenyldisilane) in the presence of UV
irradiation [100].

2.2.3 Silanization

Silanization of carbon materials is the process of attachment of organosilane cou-
pling agent, which creates a bridge between carbon fillers and polymer matrices. It
is basically a bifunctional molecule which reacts with both the fillers and the
polymer. The basic structure of organosilane molecules used for silanization is

Rð4�nÞSiR0
n

where R is a nonhydrolyzable organic species that may possess a functional
group. R may be amine, thiol, vinyl, aromatic ring, or epoxy ring, etc. R′ is the
hydrolyzable leaving group, which is readily attacked and replaced by the hydroxyl
groups present on carbon material surface to form covalent bond between
organosilane and carbon material. n is the number of hydrolyzable groups (n � 3)
[101]. Silanization takes place through three steps as shown in Fig. 9. In first step
(a), silane undergoes hydrolysis, where labile alkoxy groups are hydrolyzed and
active silanol groups are formed. In second step (b), condensation reaction takes

Fig. 8 Schematic presentation of silylation mechanism carried out between oxidized CNTs and
(3-pentafluorophenyl) trimethoxysilane [99]
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place, where silanol groups condense each other to form siloxane oligomers and the
silanol groups/oligomers create hydrogen bonding with the hydroxyl groups present
on the surface of oxidized carbon materials. In final step called drying step or curing
step, covalent bond is formed (C–O–Si) between substrate and siloxane linkage
with the loss of water.

Silanization takes place in aqueous or alcoholic, or in any other solvents
depending on the type of silane used. A number of works have been observed for
the silanization of carbon nanotubes and carbon nanofibers. Bag et al. [102] in their
study successfully attached organosilane moieties to the surface of MWCNTs by
reacting with 3-methacryloxypropyltrimethoxysilane (MPTS) to improve their
solubility in different organic solvents and for the copolymerization with any vinyl
monomer. For silanization, oxidized MWCNT was mixed with MPTS by sonica-
tion in toluene. The reaction was carried out for 6 h at 100 °C with continuous
stirring. The product was washed with DI water and acetone. Then, the product was
separated by centrifuge and dried at 80 °C in vacuum oven.

Valasco-Santos et al. [103] also prepared silanized MWCNTs by reacting oxi-
dized MWCNT with a silane coupling agent 3-mercaptopropyl-trimethoxysilane
and achieved a good interaction between silanized MWCNTs and polymethyl
methacrylate. Composites with silanized MWCNTs possessed higher storage
modulus (E) than the composite filled with unfunctionalized MWCNTs. 1 wt% of
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Fig. 9 Schematic presentation of silanization process for surface treatment of oxidized CNTs
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silanized CNTs provided an increase in E of 38% at room temperature with respect
to 1 wt% unmodified CNTs. Silanization was conducted in alcoholic medium
(ethanol). Silane was added to the oxidized CNTs in 1:1 weight ratio. The mixture
of silane and CNTs in ethanol was refluxed for 3 h at temperature around 70 °C
under constant stirring. The silanized MWCNTs were dried at 100 °C for around
12 h to completely evaporate the ethanol and then washed with hot water and
acetone to eliminate any non-reacted organosilane.

In order to enhance reinforcing efficiency of CNFs in epoxy, Zhu and his
coworkers silanized oxidized CNF by reacting with 3-aminopropyl triethoxysilane
(APTES) [104]. When incorporated these CNFs into epoxy polymers, a significant
increase in tensile strength and storage modulus was achieved, but a decrease in
electrical conductivity compared to the pristine CNFs/epoxy composites was
observed. This decrease in electrical conductivity was due to the insulating silane
layer on the surface of CNFs. They mixed oxidized CNFs with APTES (1 wt% of
CNFs) in toluene by ultrasonically stirring for one hour. The reaction mixture was
refluxed at 110 °C for 8 h. Then silanized CNFs were filtered and washed several
times with DI water, ethanol, and acetone in sequence. The final product was dried
in a vacuum oven at 80 °C overnight.

Hu et al. [105], in their study, functionalized graphene oxide (GO) with a silane
coupling agent by reacting it with 3-methacryloxypropyltrimethoxysilane
(3-MPTS) and observed 44% increases in tensile strength of silane functionalized
graphene oxide/PMMA composite than that of the reduced graphene oxide (RGO)/
PMMA composites. In their study, they first converted silane to silanol by adding
1 ml silane to 15 ml water, where pH value of solution was adjusted between 4 and
5 by adding acidic acid until the completion of hydrolysis. In another pot, 0.35 g
GO was sonicated in 200 ml ethanol and 100 ml water solution for 1 h. Then, the
prepared silanol was added to GO solution and stirred for 2 h at 60–65 °C for
silylation. The silanized GO was filtered and washed with methanol and water
sequentially and dried in a vacuum oven at 80 °C for 12 h (Table 2).

Table 2 Examples of different silanes used for the silanization of carbon fillers

Carbon
material type

Type of silane References

MWCNT 3-methacryloxy propyl trimethoxy silane [102]

MWCNT 3-mercaptopropyl-trimethoxysilane [103]

CNF 3-aminopropyl triethoxysilane [104]

GO 3-methacryloxypropyltrimethoxysilane [105]

MWCNT 3 aminopropyl triethoxysilane [106, 107]

CNF 3-aminopropyltriethoxy silane, 3-aminopropyltrimetoxysilane,
N-(2-aminoethyl)-3-(aminopropyl trimethoxy silane) and
3-glycidoxypropyltrimethoxy silane

[108]

MWCNTs 3-glycidoxypropyl-trimethoxysilane [6]

MWCNT 3-aminopropyltriethoxysilane [97]

CNF Octadecyltrimethoxysilane [96, 109]

MWCNT 3-isocyanatopropyl-triethoxysilane [110]

Surface Modification/Functionalization of Carbon Materials … 85



2.2.4 Grafting of Polymers Chains

In order to achieve homogeneous dispersion of carbon fillers in a polymer matrix
and to achieve enhanced mechanical properties in a composite, covalent attachment
of polymer chains to the carbon fillers has been a great interest for researchers.
Wang et al. [111] in their study grafted epoxy to vapor grown carbon nanofibers
(VGCNF) and achieved a better dispersion in epoxy resin compared to pristine
VGCNF. Both tensile strength and modulus of epoxy-modified VGCNF compos-
ites were higher than those of epoxy/pristine VGCNF composites. They first
functionalize VGCNF with amine-containing pendants via a Friedel-Crafts acyla-
tion reaction with 4-(3-aminophenoxy) benzoic acid as shown in Fig. 10. The
resulting amine functionalized CNF was treated with epichlorohydrine and
N,N-diglycidyl modified CNF called epoxydized CNF was obtained.

For homogeneous dispersion of both SWCNTs and MWCNTs in polyimide
matrix, Qu et al. [112] functionalize CNTswith a specially synthesized lowmolecular
weight amine terminated polymide, which was structurally identical to the main
polyimidematrix. The CNTs graftedwith amine terminated PI were easily dispersible
in many polar solvents like THF, DMF,DMAc, DMSO,NMP, etc. Similar polyimide
grafting of CNTs was observed by Yuen et al. [113] and observed the tensile and
modulus were significantly higher in PI-g-PI composite compared to those of pristine
CNT filled PI composite. Polystyrene grafted SWCNT was prepared by Ajayan’s
group. They first treated CNTswith sec-butyl lithium and then used this as initiator for
the anionic polymerization of styrene [114]. Malikov et al. [115] in their study pre-
pared polyvinyl alcohol/MWCNT nanocomposite by grafting oxidized MWCNTs
with polyvinyl alcohol by Fischer esterification process and observed higher thermal
stability of nanocomposite compared to pristine PVA.

Fig. 10 Synthesis of epoxy grafted VGCNTs [111]
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Water-dispersible MWCNTs ware developed by Shimou Chen and his coworkers
by grafting CNTs with polyacrylic acid through a radiation-induced graft polymer-
ization technique [116]. They first converted oxidized CNTs to hydroxyl ethylated
CNTs by the c radiation of CNTs in ethanol. Then, hydroxyl ethylated CNT, acrylic
acid, and copper sulfate catalyst were mixed with water and radiation-induced graft
polymerization was carried out in different doses of c radiation.

2.3 Noncovalent Functionalization

Noncovalent functionalization is a nondestructive technique in order to tune the
interfacial properties of carbon materials. In this technique, the original properties
of carbon fillers like the electronic properties of CNTs, CNFs, carbon blacks, and
fullerene are conserved by preventing the damage of Sp2 conjugated structure. The
noncovalent functionalization is carried out by basically following three ways.

1. Polymer wrapping
2. Surfactant adsorption
3. Encapsulation.

A typical example of noncovalent functionalization of CNTs is given in Fig. 11.

2.3.1 Polymer Wrapping

The polymer wrapping process is achieved through the van der Waals interactions
and p−p stacking between carbon fillers and polymer chains containing aromatic

Fig. 11 Schematics of noncovalent functionalization of CNTs: a polymer wrapping b surfactant
adsorption c encapsulation method [2, 117]
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rings. In this technique, the extent of interaction of carbon filler with polymer
matrix depends on the miscibility of polymer matrix with the wrapped polymer
chain on the surface of carbon fillers. Extensive research work has been carried out
on the physical wrapping of long-chain molecules on the surface of CNTs and
CNFs. Polymers with high molecular weight, especially conjugated polymers are
suitable for wrapping. The polymer chain wrapped to the CNTs reduces van der
Wall interaction among CNTs and increases their dispersibility. The basic
requirements of a polymer to be wrapped on the surface of carbon nanotubes/fibers
are:

– One part of polymer should be hydrophobic in nature so that it can be easily
compatible with the hydrophobic surface of CNT/CNF.

– Number of aromatic groups should be in the long polymer chains which will
create interaction with CNT/CNF by p−p stacking.

Polymers with helical structure are suitable for winding around CNTs/CNFs.
Biopolymers like amylase contain peptide which has helical structure and are
winded around CNTs/CNFs easily. In a study, it is observed that in situ synthesis of
amphiphilic peptide on the presence of CNTs under ultrasonication has successfully
wrapped the surface of CNTs by its long chain and the functionalized CNTs are
easily dispersible in aqueous medium [118]. Nonpolar synthetic polymers like
poly-m-phenylene vinylene [15] and polar polymers like polyvinyl pyrrolidone
[119], and polystyrene sulfonate [120] are used for noncovalent functionalization of
CNTs. A model for wrapping arrangements of polyvinyl pyrrolidone polymer
around CNTs is presented in Fig. 12.

Another approach for noncovalent functionalization is the employment of small
bifunctional molecules having planner groups like pyrenyl group. Chen et al. [122]
in their study functionalized CNTs with a bifunctional molecule, 1-pyrenebutanoic
acid-succinimidyl ester. The planner pyrenyl groups as shown in Fig. 13 are highly
aromatic in nature; therefore, they are strongly interacted and irreversibly adsorbed
to the basal graphitic plane of nanotube surface by p–p interaction. This pyrenyl
adsorption helps CNTs to disperse completely in aqueous medium. Other end group,
succinimidyl ester is highly reactive to nucleophilic substitution by amine groups
present on the surface of the most protein. Hence, this type of functionalization has a
great possibility to generate interaction of CNTs with different biomolecules.

2.3.2 Surfactant Adsorption

Apart from polymer wrapping, colloidal stabilization of carbon fillers using dif-
ferent surfactants has received great attention in biomedical and polymer composite
filed. Different ionic and nonionic surfactants are used for stable colloidal sus-
pension of carbon fillers. These surfactants are adsorbed on the surface of carbon
filler and during sonication for dispersion; these surfactants keep separate carbon
particles from one another by either electrostatic repulsion or steric hindrance.
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The repulsive force introduced by surfactant molecules overcomes the van der wall
force of interaction among the carbon particles.

Anionic surfactant like sodium dodecyl sulfate (SDS), slithium dodecyl sulfate
(LDS), sodium dodecylbenzene sulfate (SDBS), and nonionic surfactant like Triton

Fig. 12 Different wrapping arrangements of PVP polymer around CNT [121]

Fig. 13 Noncovalent functionalization of SWNT with 1-pyrenebutanoic acid-succinimidyl ester
[122]
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X-100 are widely used for colloidal stabilization of carbon materials. It has been
reported that a stable black suspension is achieved by sonication of CNTs in a 1%
aqueous solution of SDS [123, 124]. The hydrophilic part (alkyl group) of SDS is
adsorbed to the graphitic surface of CNTs and the hydrophilic part is oriented
towards the aqueous phase. This adsorption creates a negative charge environment
around the CNTs that prevents the aggregation and creates a stable colloidal sus-
pension in aqueous phase.

Colloidal stabilization of carbon materials depends on the structure of surfactant
molecules. Presence of aromatic rings in surfactant molecules is more effective for
stable dispersion of carbon materials. On a comparative study between the effect of
SDS and its structurally related sodium dodecylbenzene sulfate (SDBS) in dis-
persion of CNTs, it was observed that SDBS is more effective for CNTs solubi-
lization than SDS because of aromatic stacking of phenyl ring of SDBS with the
CNTs within the micelle as shown in Fig. 14. CNTs dispersion in aqueous medium
using nonionic surfactant like triton X-100 has also been extensively studied in the
production of composites [126]. The colloidal suspension is governed by the steric
hindrance created by bulkier hydrophilic group of surfactant.

2.3.3 Encapsulation

Encapsulation is the process of filling of any foreign material in the hollow cavity of
another material. Carbon materials like fullerene and carbon nanotubes are used for
encapsulation. This is a process to modify the properties of fullerene or CNTs by
filling of any foreign material in their hollow cavity. Encapsulation of a foreign
particle depends on the ratio of inner diameter of CNTs to the diameter of the
foreign particle. The encapsulated particles are not removed out from the cavity by
basically van der wall force of interaction. For optimum van der Wall interaction,
the distance between inner surface of CNT and foreign particle should be close to
van der Wall gap of �0.3 nm [127]. If the diameter of foreign particle is “n” nm,

Fig. 14 Schematic representation of how surfactants may adsorb onto the nanotube surface.
SDBS disperse the tubes better than SDS because of their benzene rings [125]
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then optimum diameter of nanotube for an irreversible encapsulation should be
n + 2 � 0.3 nm. If inner diameter is more than this value, then there may be
reversible encapsulation and the foreign particles will be removed out. If the inner
diameter of CNTs will be less than this value, then foreign particles cannot be
encapsulated. Liquid molecules are encapsulated in CNTs by the capillary filling
process. According to Young’s Laplas law, CNT immersion in a liquid with surface
tension below 200 mN/m can be spontaneously filled by capillary action. The
material which can be vaporized is encapsulated by putting the mixture of material
and CNTs with the open end in a closed container and heating the container at
temperature just above the sublimation point of foreign material.

A number of research papers are available for the encapsulation of different
materials in CNTs for different applications like drugs microcarriers [128], high
electrochemical performance in batteries [129], and for efficient photocatalysis
[130], etc. Due to their nano needle-like shape, good cell membrane penetrability,
and high drug-carrying capacities, CNTs can pass into the various cellular com-
ponents without causing apparent cell damage and can be used as micro drug
delivery vehicle [131]. Kostarelos et al. in their study observed the potential
assessment of CNTs into the various cellular components [16] and in another study,
Porter et al. stated a direct translocation of SWNTs into the cytoplasm of target cells
without causing cell death [128]. Hence, any drugs or bioactive molecules like
protein, DNA, or siRNA, which expert their therapeutic action only inside the
nucleus can be transported using CNTs [132, 133].

Hampel and his coworker used MWCNTs as carrier of an anticancer agent for
the treatment of cancer cells. Platinum-based anticancer agent, carboplatin was
encapsulated inside the multi-walled nanotubes by wet chemical approach. They
dispersed CNTs by sonication and stirring for 24 h in carboplatin solution.
Carboplatin molecules were inserted into the CNTs by capillary action. This CNT
encapsulated carboplatin molecules were used to study the growth of the cancer
cells and observed that carboplatin-filled CNTs inhibited growth of bladder cancer
cells [134]. Similarly, Li et al. [135] successfully encapsulated cisplatin (an
FDA-approved chemotherapeutic drug) into multi-walled carbon nanotubes and
demonstrated that encapsulated cisplatin could be delivered in living cells under
physiological conditions to exert its pharmacological action.

Kim and coworker in their study encapsulated an organic active material, PTMA
(poly (2,2,6,6-tetramethylpiperidinyloxy-4-vinylmethacrylate) in CNTs as shown in
Fig. 15 and used these CNTs for the preparation of electrode for sodium ion batteries
[129]. This PTMA encapsulated CNTs exhibited superior electrochemical perfor-
mance in sodium ion battery compared to Li-ion battery. The encapsulation of PTMA
in CNTs was done by dissolving PTMA in CNTs dispersed N-methyl-2-pyrrolidone,
where PTMA was diffused into the free space of CNTs. The PTMA encapsulated
CNTs were dried and washed with acetone to remove excess PTMA from outside of
CNTs. These CNTs were blended with poly (vinylidene fluoride) to prepare the
electrode for Na-ion batteries.
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2.4 Conclusion

This chapter is the gathering of different functionalization techniques used for the
surface modification of carbon materials for specific applications like polymer
reinforcement, ink, coating, electronics, electrical, and biomedicals. On the basis of
their application area, different functionalization techniques have presented in this
chapter. A variety of covalent modification methods (acids, ozone, plasma treat-
ment, amidation, and silylation) and noncovalent methods (polymer wrapping,
polymer and other particle encapsulation, ionic liquid adsorption) have been
depicted in this chapter. The different types of modification have extended versatile
areas of application for carbon materials. The combination of different method-
ologies discussed in this chapter will provide extensive ideas to select the suitable
modification technique for realistic applications of carbon materials.
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Preparation/Processing of Polymer–
Carbon Composites by Different
Techniques

Mostafizur Rahaman, Ali Aldalbahi and Purabi Bhagabati

Abstract In this chapter, the discussion has been made on some important
methodologies to prepare polymer/carbon composites. These procedures are solu-
tion mixing technique, melt mixing technique, in situ polymerization technique, dry
mixing technique, powder mixing technique, and aqueous mixing technique.
Solution mixing has been categorized into evaporative casting, vacuum filtration,
3D printing, and wet spinning. In the melt mixing process, the discussion has been
focused on melt blending through internal mixer and melt spinning. Some diagrams
have been drawn and discussed for better understanding of the composite prepa-
ration processes. The advantages and disadvantages associated with the composite
preparation processes are mentioned herein where necessary.
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1 Processing of Conducting Composite Materials

Different processing methods have been employed to fabricate various forms of
composite materials such as freestanding films, fibers, buckypapers, and printed
patterns. Commonly used methods for preparing these composite materials include
solution processing, melt mixing, in situ polymerization process, etc. [1–3].

1.1 Composites by Solution Processing

Solution mixing process is an important method for preparing polymer–carbon
composite materials in both organic solvents and water [4–6]. In general, this
method requires the carbons to be efficiently dispersed in a solvent that can dissolve
the polymer. Then both components are mixed by magnetic/mechanical stirring or
sonication [2, 3, 7]. Different types of solution processing have been used to pro-
duce composite materials including evaporative casting, vacuum filtration, fiber
spinning, and printing. These process techniques involve the two important steps:
initially dispersing carbons in the polymer matrix and then removal of solvent or
dispersant from the mixture (Fig. 1).

1.1.1 Evaporative Casting

In the evaporative casting method, the carbons are dispersed in a solvent with or
without dispersants, such as polymers, biopolymers, and surfactants. The dispersion

Fig. 1 Flowchart representing the steps of solution processing for preparing polymer–carbon
composites
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is then transferred into a mold and the solvent is evaporated in a controlled manner,
resulting in the formation of a composite film (Fig. 2) [8, 9]. These films may be
either freestanding or attached to the substrate onto which they are cast. A similar
well-known film formation method is drop casting [10, 11]. Polymer/carbon com-
posites especially with CNTs have been prepared in the past using this evaporative
casting method and discussed their different properties [12, 13]. It has been men-
tioned herein that the properties like mechanical and electrical are mostly dependent
on the polymer and filler ratio that is the increment in filler concentration up to a
certain level improve the electrical conductivity and mechanical strength [12].

Styrene butadiene rubber (SBR)/graphene nanocomposites were prepared by
solution mixing and evaporative casting method [14]. Initially, graphite intercalated
compound (GIC) was subjected to thermal sock at high temperature and then
ultrasonicated in tetrahydrofuran (THF) to get graphene nanoplatelets (GNPs). The
mixture was added with SBR solution, stirred mechanically at rpm 200, and son-
icated for 1 h below 30 °C. The solvent was evaporated at 60 °C, where ethanol
was used to precipitate, collect, wash, and dry the composites power. The authors
compared their results with the composites prepared by melt mixing technique and
reported better dispersion of GNPs within the SBR matrix when prepared by
evaporative solution casting method. Graphite oxide (GO)/poly(propylene car-
bonate) (PPC) composites and poly(methyl methacrylate) (PMMA)/carbon black
(CB) composites were prepared by solution mixing followed by evaporative casting
technique [15, 16].

1.1.2 Vacuum Filtration

The vacuum filtration method is one of the simplest processes for manufacturing of
electrically conductive ultrathin film made of densely packed and homogeneously
dispersed carbon networks [17, 18]. These films are called buckypapers in which
the carbon networks are entangled and are held together by van der Waals force of
attraction at the carbon–carbon interface where it forms a pseudo-two-dimensional

Fig. 2 Schematic of evaporative casting process in order to form freestanding composite film
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structure [19]. This technique is having four simple steps: preparation of the carbon
dispersions, vacuum filtering of this dispersion through a suitable membrane,
washing the product with distilled water and methanol for making composite film,
and drying in the oven to easily peel off the films from the filtration membrane [17,
20]. A schematic diagram of vacuum filtration technique is shown in Fig. 3.

This filtration technique is advantageous because of many reasons: (i) homo-
geneity as a result of flow dynamics. (ii) Maximum overlap with other nanotubes as
they accumulate due to the strong vacuum, which causes the nanotubes to flatten
and straighten out. This results in the increase in maximum electrical conductivity
and mechanical strength throughout the composite film. (iii) Thickness control of
the film by controlling the concentration of nanotubes and volume of the dispersion
filtered [17].

It is shown in the literature that the properties of buckypapers composite films are
influenced by the condition of preparation method and types of used dispersants [18,
21]. It can be exemplified that the in-plane Poisson’s ratio of buckypapers films is
tuned by the combination of single-walled carbon nanotubes (SWCNTs) and
multi-walled carbon nanotubes (MWCNTs) [22]. The preparation of buckypapers
with the change of MWCNTs length significantly affects the pore diameter present in
the final material [18]. It has also been investigated that the sonication time, volume
of solvent used, and type of used membrane filter affect the tensile property and
surface morphology of SWCNT buckypapers [21]. In addition, it has been reported
that the electrical and mechanical properties of buckypapers are shown to decrease
with the increase in dispersant’s molecular mass [21]. The flexibility and excellent
electrical and dielectric properties make the carbon nanotube buckypapers an ideal
material for different types of applications such as in solar cell, display system, touch
screen, sensor, electronic paper, supercapacitor, and batteries [23–26].

The vacuum filtration technique was used for the fabrication of graphene oxide
(GO)/polyvinyl alcohol (PVA) and GO/polymethyl methacrylate (PMMA) com-
posite films with a wide range of filler loading [27]. In this typical process, graphite
was pre-oxidized by stirring for 6 h within a mixture of concentrated sulfuric acid
(15 mL), potassium persulfate (10 g), and phosphorous pentoxide (10 g). The

Fig. 3 Schematic for the preparation of composite films using the vacuum filtration method
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extracted powder after filtering, washing, and drying was then stirred at 35 °C
within the mixture of concentrated sulfuric acid and potassium per manganite to get
oxidized graphite. The GO was further exfoliated by ultrasonication in a bath-type
sonicator. The GO/PVA composites were obtained by aqueous dispersion of GO
within the aqueous solution of PVA, whereas GO/PMMA composites were
obtained by dispersing GO within N,N-dimethylformamide (DMF) and subsequent
mixing with PMMA solution in DMF. The GO film and composite films were
obtained by vacuum filtration and later on drying in a Petridis. Scanning electron
microscopic images showed the macroscopic paper-like morphology of both GO
film and composite film with paper thickness 10–30 lm as shown in Fig. 4.

1.1.3 Fiber Spinning

Spinning is the manufacturing process for preparing composite fibers. This is
performed using a spinneret, which is fed by an extrusion process, to eject a thin
continuous fiber. Different spinning techniques exist; these include wet spinning,
melt spinning, and electrospinning [28, 29].

A common method used to produce composite fibers containing conducting
fillers polymers, thermoplastic polymers, and carbons is wet spinning [30–34]. Wet
spinning involves injecting of a composite’s solution into a liquid bath that contains
low molecular weight solution, ensuring that the solvent does not dissolve the
composite solution (Fig. 5). Due to the exchange of solvent and non-solvent in the
coagulation bath, a solid gel fiber is formed. This solid gel fiber is stretched and
dried by passing it over spinning rollers [35]. Previously, it has been shown in the
literature that, by adding a small quantity of CNTs, a successful reinforcement of
the properties of the polymer fibers was achieved [35]. In another study, biopoly-
mers (gellan gum and chitosan) were used in a wet-spinning technique where one

Fig. 4 SEM images of a GO paper and b GO/PVA composite. Reproduced after permission from
Ref. [27]
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biopolymer was used as CNT dispersant and the other as a coagulant medium for
the continuously spun fibers. This was known as polyelectrolytic complexation, as
gellan gum and chitosan are oppositely charged biopolymers [32].

1.1.4 Printing

In printing, a material, especially ink is deposited onto a suitable substrate for
producing a particular structure. In the previously described processing methods
(evaporative casting, vacuum filtration, and fiber spinning) composite materials are
prepared in film and fiber forms. Printing methods are mainly classified into two
main groups to fabricate composite material in pattern form: inkjet and extrusion
printing [36–39].

Inkjet printing is a commonly used industrial printing method due to advantages
such as precise and controlled pattern generation, solution saving effects, non-
contact injection, high repeatability, and scalability [40, 41]. This method also
allows for printing of various materials onto both rigid and flexible substrates [38,
42]. The ink consists of a solute, such as carbons, dispersed in a solvent, such as a
polymer, and is jetted from a nozzle by deflection of piezoelectric materials
(Fig. 6). This method usually requires low viscous inks and filtration of the ink
prior to the jetting to prevent nozzle clogging [43, 44]. It has been demonstrated as
a method for printing bio-scaffold and cell [45, 46]. Other applications of inkjet
printing include components for drug screening and biosensors [47, 48].
Furthermore, it has a potential use in regenerative medicine and tissue engineering
[49–51].

Different conducting materials such as polymers and CNTs were successfully
printed using inkjet printing. For example, it has been reported that by inkjet
printing SWCNTs and MWCNTs with conductive polymers onto flexible substrates
by using a piezoelectric inkjet printer, very low sheet resistance 225 Ω/sq was
reported [36]. Another study showed that inkjet printed patterns of SWNTs

Fig. 5 Schematic illustration of the setup to form fibers using the wet-spinning process
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stabilized with poly (2-methoxyaniline-5-sulfonic acid) (PMAS) onto poly(ethylene
terephthalate (PET) sheets displayed a sheet resistance 100 kΩ/sq and optical
transparency 85% as well as sensitivity to alcohol vapors under static and flow
conditions [52].

Extrusion printing is a process that involves pushing (using constant pressure)
the inks through a small nozzle onto a moving substrate [38, 53]. Compared to
inkjet printing, extrusion printing creates patterns which can reliably deposit large
volumes through cheap and replaceable parts [54]. It has been shown diagram-
matically in Fig. 6. This method can also be applied to fabricate three-dimensional
structure and to embed material onto substrate [38, 55]. However, extrusion printing
is slower and has poorer resolution and scalability compared to the inkjet process.
Unlike inkjet printing, extrusion printing allows for the patterning of high-viscosity
inks [38]. Very careful control of the flow properties, surface tensions, and wet-
tability of the inks is required in order to successfully produce a high-quality
extruded material [56].

In recent studies, it has been shown that both inkjet and extrusion printing
methods were used to prepare conducting tracks by depositing a conducting
polymer, poly(3,4-ethylenedioxythiophene)/poly(sodium 4-styrenesulfonate), onto
a chitosan biopolymer substrate [38]. In that work, a highly viscous paste was used
for the syringe extrusion method, and a more aqueous solution was used for inkjet
printing. Using extrusion printing, the authors prepared embedded tracks, for
potential application as electrodes, by inserting the extruding needle under the
surface of the biopolymer solution. The authors reported a higher conductivity for
the extruded patterns compared to the inkjet printed ones, due to the greater amount
of deposited conducting inks.

Another study found that gellan gums are a good rheological modifier for
MWCNT ink [39]. It was found that a single layer of ink printed onto a flexible
substrate exhibited resistance value of 7–8 kX/cm, which was reduced by

Fig. 6 Schematic illustrations of inkjet and extrusion printing methods
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increasing the number of printed layers. Many polymer/carbon composites like
ABS/carbon fiber [57], PS/carbon nanofiber and PS/graphite [58], nylon 12/carbon
black [59], ABS/graphene and PLA/graphene [60], etc., were prepared by 3D
printing technique, where mechanical, electrical, and some important properties
were discussed in detailed.

1.2 Composites by Melt Processing

Instead of using a solvent, the polymer substrate can also be melted and then
intermixed with carbons using different techniques such as shearing, extrusion, etc.
This process is known as melt mixing process [2, 3].

The benefit of melt processing is that it does not use any solvent, simple, and it
can be used as an industrial process to impart carbons into thermoplastic polymers
such as polypropylene. This method uses elevated temperatures together with
applied shear forces to form the polymer–carbon composites and requires equip-
ment such as extruders and injection devices that are designed to withstand these
conditions [2, 3]. While this method can also be used to generate composite fibers,
the composites prepared through this synthesis route usually have low carbon filler
content [6]. However, there are also reports of mixing high content of carbons
within the polymer matrices using this methodology [61–65]. A flowchart diagram
of this type of mixing process has been depicted in Fig. 7. In this process, polymer,
carbon, and other necessary additives/ingredients are fed into mixing mill and
processed approximately 20 °C higher than the melting point of the polymer. The
mixing is done for a certain time at a specific rotor speed. The molten mass is then
taken out and passes through the two-roll mill, and finally, the composite is sheeted
out by using any compression mold. The mixing can be done in a batch or con-
tinuously, depending on the used mixing machine and our choice.

A previous study reported polycarbonate–CNT composites prepared by melt
processing. It was found that by controlling the mixing condition, an electrical
percolation threshold of about 1 wt% was obtained [66]. Other studies showed a
threefold increase in the modulus and strength for polyamide containing 2 wt%
MWNTs compared to the pure matrix [67].

Fig. 7 Flowchart presenting the steps of the melt processing
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Rahaman et al. have reported the melt mixing of carbon fiber with ethylene vinyl
acetate (EVA) and acrylonitrile butadiene rubber (NBR) and their blend compo-
sitions mixed with other ingredients [68]. The mixing process was carried out
within Haake Rheocord at temperature of 120 °C for 6 min at shear rate of 60 rpm.
The composites were vulcanized by compression molding at 160 °C at 5 MPa
pressure at their determined curing time. The polymer, carbon fiber, and other
ingredients were added sequentially as follows: polymer ! carbon fiber ! other
ingredients. The mechanical property, electrical conductivity, and electromagnetic
interference shielding effectiveness (EMI SE) for these polymer carbon fiber
composites were studied. It has been reported that elongation at break and tensile
strength have been reduced after the addition of carbon fiber but the tensile modulus
within the stress–strain proportionality limit, electrical conductivity, and EMI SE
has been increased. More importantly, there is substantial breakage of fiber length
within the polymer matrices and the extent of breakage has been increased with the
increase in loading of carbon fiber when the authors used this melt mixing
technique.

The preparation of polypropylene grafted maleic anhydride (PP-g-MA) and
expandable graphite oxide (EGO) composites was carried out by melt mixing
technique in Haake kneading mixer [69]. The mixing was conditioned at 200 °C for
30 min at 60 rpm. In this mixing process, PP is nonpolar polymer, and hence MA
was used to increase its compatibility with EGO particles. It was reported through
XRD analysis that there was not any change in the d-spacing of graphite layers
within the PP-g-ME/EGO composites.

Masterbatches of polycaprolactum (PCL)/MWCNT composites were prepared
by melt mixing technique using an internal mixer where the mixing was done for
10 min at 65 °C and 60 rpm as reported by Maiti et al. [70]. The masterbath thus
again was melt blended with polycarbonate (PC) at 280 °C at the same time period
and rpm. It was investigated through scanning electron microscopic (SEM) and
transmission electron microscopic studies that the CNTs were homogeneously
dispersed within the polymer matrices at their low loading as shown in Fig. 8. The
obtained electrical percolation threshold was 0.14%, which suggested the formation
of interconnected continuous conductive networks within the polymer matrices.

The thermoplastic polyurethane (TPU) elastomer was melt blended with
high-structure carbon black and carbon nanofiber by a special miniature asymmetric
batch mixer [71]. The authors ensured good dispersion of the particles within the
polymer matrix. They investigated the thermal, mechanical, electrical, and
flammability properties for this composite system.

In another study, the nylon 6/carbon black composite was prepared by master-
batch dilution and melt mixing technique [72]. The effect of carbon black size and
their distribution on the mechanical and electrical properties of the composites was
investigated. The electrical resistivity of nylon 6 was reduced from 1015 to
107 X cm in case of 1 wt% diluted masterbatch and 6 wt% melt mixed nylon
6/carbon black composites, indicating that composite prepared by masterbatch
dilution method gives better property. This is because of the formation of small
carbon black clusters when the composite is prepared by masterbatch dilution
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method. The authors also reported that the increment in carbon black content
decreases the elongation at break and tensile strength, but increases the tensile
modulus. There are also many reports of preparation polymer/carbon black com-
posites by melt mixing technique [73, 74].

Polymer/graphene composites are also prepared by this melt mixing technique.
For example, polyvinyl chloride (PVC)/multilayer graphene composite was pre-
pared by conventional melt mixing process for improving the toughness of rigid
PVC [75]. Before melt mixing, the powder PVC, graphene, stabilizers, and lubri-
cants were dry mixed at room temperature using a high-speed mixer. The mixture
ingredients were then melt mixed using a torque rheometer at temperature of
165 °C for 5 min. The composite blends were then transferred into two-roll mill for
further mixing at 170 °C for squeezing into thin sheet. These thin sheets were
stacked together and placed into hot-press machine to get flat composite sheets. It
was reported that only 0.36 wt% graphene loading into PVC greatly improves the
toughness and impact strength of the composites. Besides that, many polymers like
poly(lactic acid) (PLA), PP, PU, poly(ethylene terephthalate) (PET), polystyrene
(PS), poly(ether ether ketone) (PEEK), styrene–ethylene/butylene–styrene triblock
copolymer, etc., were blended with graphene for obtaining the composites by this

Fig. 8 FESEM image of a (90/10 w/w) PC/PCL miscible blend, b (90/10/0.35 w/w) PC/PCL/
MWCNT composite, c (80/20/0.7 w/w) PC/PCL/MWCNT composite, and d TEM image of (90/
10/0.35 w/w) PC/PCL/MWCNT composite. Reproduced after permission from Ref. [70]
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method for investigating their mechanical, thermal, and electrical properties along
with their morphology [76–82].

The polymer/carbon composites fiber is prepared by melt spinning technique,
which is very convenient, economical and can be prepared industrially in large scale.
In this typical process, the fiber-forming substances that are the mixed polymer and
carbon or their prepared master batch are placed in hopper and extruded through
spinneret (Fig. 9). The extruded mass is then solidified by cooling. The used
polymer should not be volatile in nature or degradable at the processing temperature.
Generally, the single-screw or twin-screw extruder is used depending on the nature
of polymer and filler particles. The metering pump shown in the diagram, control the
flow of molten mass to the spinneret head and filter any unmelted mass before
extrusion. The extruded molten fiber mass is cooled by quench air, and then drawn
into continuous filament, stretched, and finally take up/wind up in a roll. The
strength of the resultant composite fiber depends on the winding speed. The
advantage of using this method is that it is cost-effective, can be used for both
continuous and staple filaments, no environmental pollution, no requirement of
any solvent, nontoxic, and high production rate (1000–2000 m/min). The only
disadvantage is that the input of heat is high and the high maintenance cost is needed.

Polycarbonate (PC)/MWCNT (2 wt%) conductive composite was prepared by
melt spinning technique using a piston-type apparatus where take-up velocities
were up to 800 m/min and draw down ratio 250 [83]. The composite was inves-
tigated through TEM, which revealed that the carbon nanotubes were aligned along
the fiber axis but its curve shape still existed in the melt spun fibers. At high draw
down ratio, the curvature was reduced. It was reported that with the increase in
alignment, the electrical conductivity of the fiber was reduced. It was also men-
tioned that the tensile strength and elongation at break was less at the low take-up
compared to neat PC, whereas it was increased at high take-up speed. There are also
many reports of preparing polymer/carbon composites by this melt-spinning tech-
nique [84–89].

Fig. 9 Schematic illustration of the setup to form fibers using melt-spinning process
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1.3 Composites by In Situ Polymerization Process

In situ polymerization is employed in order to uniformly dispersing the conducting
filler, while retaining the aspect ratio and improve polymer–filler bonding strength.
It is particularly useful for preparing polymers that cannot be produced by solution
(insoluble polymer) and melt mixing (thermally unstable polymer) techniques [3].

In this method, the monomer is used as a starting material. It involves polymer
and carbons being dispersed in a solvent. This allows for the carbons to act as a
template for the polymer’s growth. The mixture is then sonicated and stirred to
allow for growth. These composite structures are then isolated from the solution by
filtering or evaporation to dryness [90]. A general schematic diagram of this type of
polymerization process is depicted in Fig. 10.

This method allows the preparation of composite with high carbon weight frac-
tion, which can be diluted by other methods [2]. Composite materials produced by
this method are more conductive. This may be because there is an increased inter-
action between the polymer and the carbons. It may also be due to the fact that the
product has a more favorable morphology. Many polymer–CNTs composites were
prepared using in situ polymerization, which included polystyrene–MWNT [91] and
polyimide–SWNT [92]. In addition, epoxy–CNT [93] and polycarbonate–carbon

Fig. 10 Flowchart presenting the steps of the in situ polymerization processing
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nanofiber [94] composites have been prepared using this method. Figure 11a, b
shows the scanning and transmission electron microscopic image of polyaniline–
MWCNT composite made by this in situ polymerization technique [95].

The synthesis of graphene, graphene oxide (GO), and functionalized graphene
oxide (f-GO)—epoxy nanocomposites was carried out by in situ polymerization
technique [96]. Initially, the filler, GO/f-GO was dispersed in acetone by means of
ultrasonication and then added with epoxy matrix. The mixture was then placed
within a vacuum oven at 50 °C. After evaporation of nearly 80% of solvent,
m-phenylenediamine was added within it and stirred vigorously. It was then poured
into a stainless steel mold and heating at 60 °C for removing the residual solvent
followed by pre-cure at 80 °C for 2 h in an oven and post-cure at 120 °C for
additional 2 h. The prepared composites were then characterized for several studies.
It was reported that the better dispersion was achieved for epoxy/graphene and
epoxy/f-GO composites compared to epoxy/GO composite.

Fim et al. reported the synthesis of polyethylene (PE)/graphite composites via
in situ polymerization technique [97]. Intercalated graphite was prepared from the
graphite flake by treating with H2SO4/HNO3. It was then heated at 1000 °C in air
for 30 s to get expanded graphite (EG), which on ultrasonication in 70% ethanol for
8 h produces graphite nanosheet (GNP). The GNP was surface treated with 15 wt%
methylaluminoxane (MAO) by stirring in toluene for 30 min, and then, the solvent
was removed under reduced pressure. The ethylene was polymerized using 100 ml
PAAR reactor, toluene as solvent, MAO as cocatalyst, bis(cyclopentadienyl)zir-
conium dichloride (Cp2ZrCl2) as catalyst, at temperature 70 °C, ethylene pressure
2.8 bar, and for time duration 30 min. Different amount of MAO treated GNP was
added to the reactor as filler before PE synthesis to get PE/graphite composites. It
was mentioned that thermal treatment and ultrasonic agitation had expanded gra-
phite layers along with the reduction of crystal size. The synthesis of

Fig. 11 Scanning (a) and transmission (b) electron microscopy images of polyaniline–MWNT
composites prepared by in situ polymerization processing. Reproduced after permission from Ref.
[95]
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polymer/graphene nanocomposites was also reported in some literature by this
in situ polymerization technique [98, 99].

The polymer/carbon composites are also prepared by in situ emulsion poly-
merization technique. Polystyrene (PS)/carbon black (CB) composites were pre-
pared by this in situ emulsion polymerization technique, where CB was manually
mixed with styrene monomer at ambient temperature [100]. The absorption of
monomer on the surface of CB made viscous paste, which was reduced by adding a
surfactant within it. Azobisisobutyronitrile (AIBN) initiator was added to it for
preparing emulsified monomer droplets. The surfactant solution was added to it and
ultrasonicated to get well-dispersed system. The dispersion was transferred to the
reactor for polymerization conditioned at reaction temperature of 60 °C, mixing
speed of 350 rpm, and reaction time of 120 min. It was reported that the particle
diameter was 50 nm and high polydispersity index for the polymer. The synthesis
of PS/graphene nanocomposites by this in situ emulsion polymerization technique
was also mentioned in literatures [101, 102].

1.4 Dry Mixing Technique

This method is most useful for rubbery materials where polymers are soft enough at
room temperature. A schematic diagram for the preparation of polymer composites
using this type of method is shown in Fig. 12. Initially, the conductive filler along
with other ingredients are mixed with rubber in an open mixing mill or internal
mixer. Generally, the mixing process starts at room temperature but during mixing
the temperature may rise to 60 °C. The mix is then vulcanized at a specific tem-
perature, pressure, and time duration to make the conductive composite.

Liu et al. have prepared styrene butadiene rubber (SBR)/carbon black
(CB) composites, where carbon blacks with their different structure were used as
conductive filler [103]. The concentration of carbon black within the composite was
50 phr. Other ingredients like aromatic oil (10 phr), zinc oxide (3 phr), stearic acid
(2 phr), antioxidant (2 phr), wax (1.5 phr) accelerant DM (1.2 phr), accelerant D

Fig. 12 Flowchart presenting the steps of dry mixing process
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(0.6 phr), and sulfur (1.5 phr) were also used. The composites were prepared using
two-roll mixing mill at ambient temperature via general compounding method. The
composites were vulcanized at temperature of 150 °C and pressure 15 kPa to make
sheet thickness of 2 mm. They reported that the mechanical properties of SBR/CB
composites increase with the increase in CB loading but the composites loaded with
low particle size carbon black exhibits high mechanical properties compared to high
particle size ones.

Cardanol-grafted natural rubber (CGNR) and HAF carbon black composites
were prepared by simple compounding method using two-roll mixing mill at
ambient temperature according to standard ASTM D-3182-07 [104]. The aspect
ratio of two-roll mill was length:diameter = 33:15 and friction ratio during mixing
was 1:1.2. They reported that during mixing, due to friction, the temperature of
two-roll raised up to 80–85 °C. The composites, later on, vulcanized at 150 °C
using compression molding machine according to their optimum cure time deter-
mined by rheometer. The authors have compared the dispersion of carbon black in
CGNR matrix and aromatic oil plasticized NR matrix along with their other
mechanical properties. It has been reported that the dispersion of carbon black is
better in CGNR matrix compared to the aromatic oil plasticized NR matrix. The
mechanical strength of CGNR/CB composites is higher compared to oil plasticized
NR/CB composites.

Sethi and his co-workers have reported the preparation of polychloroprene
(CR) rubber and carbon black composites by this dry mixing technique [105]. The
mixing was performed using two-roll mixing mill at ambient temperature by
maintaining the friction ratio 1:1.1. All the mixing was done at the identical con-
dition and the same sequence of adding the ingredients. Later on, the composites
were cured at 150 °C under compression molding at hydraulic pressure 5 MPa
according to optimum cure time determined from the rheometric curves. The
authors investigated the effect of different mechanical deformation and temperature
on electrical and dynamic mechanical properties of CR/CB composites. The elec-
trical conductivity and dynamic mechanical properties dropped when both the
number of bending cycles and compression flex cycles of deformation was
increased. Figure 13 shows that the electrical conductivity of different carbon filled
CR composite has reduced after bend flexing of the composites. The increase in
temperature also resulted in the variation in electrical conductivity of the
composites.

MWCNT based NR nanocomposites were also prepared by this dry mixing
technique using an open two-roll mixing mill at the friction ratio 1:1.1, nip gap
1 mm, mixing time 19 min at room temperature [106]. In this study, MWCNT was
surface functionalized with silane, 3-aminopropyltriethoxysilane and investigated
its effect on the rheological and mechanical properties of NR vulcanizates. It was
reported that the modulus and strength were increased due to the interaction
between silane functionalized MWCNT and NR vulcanizates. There are also many
reports of preparation of polymer/carbon composites by dry mixing technique in the
past [107–110].
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1.5 Powder Mixing Technique

Powder mixing is a very important technique that is widely used in many domestic
areas and industrial fields. This is a type of dry mixing technique. In domestic areas,
it is used in food making and gardening, whereas in industrial fields, it is used in the
manufacturing process of pharmaceuticals, ceramics, plastics, fertilizers, detergents,
cement, food production, powder metallurgy, animal feed, etc. [111–113]. In short,
one can say that this technique is practiced when particulate materials are processed
[111]. This technique can also be effectively used for both thermoplastic and
thermosetting resins. A general diagram of this type of mixing processes is shown
in Fig. 14. In this method, powdered polymer or oligomer is mixed with carbon
filler along with other ingredients. The mixing is done using a blender normally at
ambient temperature. The resultant mixture is then processed in batch-wise or
continuously depending upon the nature of final product. The powdered polymer, in
this case, is considered as continuous phase and the carbon particles as dispersed
phase. In a batch-type process, the mixture is molded in either in hot or cold

Fig. 13 AC conductivity of CR/CB composites measured before and after bend flexing at the
highest loading of different CB a CCB, b N220, c N330, and d N770. Reproduced after permission
from Ref. [105]
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condition to get polymer/carbon composite. The continuous mixing process is
adopted for making any composite fiber or long tube/sheets, where the continuous
removal of mixture is important.

Polyamide 11 (PA11)/graphene nanoplatelets (GNP) nanocomposites were
prepared by this powder mixing technique aiming to be used as electrostatic dis-
charge material [114]. They used ResodynTM Resonant Acoustic and ThinkyTM

mixers for this powder–powder mixing and the mixture powder was pressed to
make thin film for characterization. The SEM, TGA, Raman spectroscopy, and
electrical conductivity were studied. It was revealed that the addition of GNP
reduced the thermal stability of composites because of its poor dispersion. The
electrical conductivity for all composites was within the electrostatic dissipation
range.

Islam et al. have prepared the polyvinyl chloride (PVC)/carbon black
(CB) composites in a blender, where both ingredients were in dry and powdered
form [115]. The mixing was done for 1 min at 1000 rpm. Then, the mixture was
compression molded at temperature of 185 °C, pressure of 200–250 kN, and
mixing time for 10 min. An additional pressure of 50 kN was applied to make
void-free specimen. All the molding was done at the identical condition. The
compression-molded samples were taken out from the mold. The dimension of
samples was 14 cm in diameter and 4 mm in thickness. Carbon content within the
composites ranges from 5 to 30 wt%. The composites were tested for their electrical
and mechanical properties. Electrical conductivity was increased with the addition
of CB but the mechanical properties were improved only up to 15 wt% of CB and
thereafter decreased. Microstructural analysis showed good dispersion of CB within
the PVC matrix.

It is also specially applied for the modification of electrical conductivity of
polytetrafluoroethylene (PTFE). Suh et al. have reported the electrical property and
morphology of PTFE/FLG (few-layer graphene) composites prepared by this
solid-state powder mixing technique and subsequent hot pressing [116]. Planetary
milling process was used for the preparation of composites at 50 rpm for 10 min
using stainless steel balls with diameter 10 mm and 4.5 g in weight. The weight

Fig. 14 Diagram representing powder mixing technique
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ratio of ball to powder was 10:1. The mixture powder was compacted at ambient
temperature within steel compaction die under pressure 15 MPa. The mixture
powder within the compacted die was further hot pressed for 30 min at pressure
15 MPa and temperature 300 °C. A significant increase in electrical conductivity
was observed by this technique using a small amount of conducting filler. It was
shown that FLG was compacted on the surface of composite and overlapped
without making any gaps in between them. The preparation of polymer/carbon
composites was also reported using this powder mixing technique in literature
[117–119].

1.6 Aqueous Mixing Technique

Biopolymer composites and conductive coatings can be prepared by this technique
[13, 120, 121]. A schematic diagram of this process is shown in Fig. 15. In this
process, the polymer in granules/powder form is dissolved in an aqueous medium
either at room temperature or by heating in a hot plate with the help of a mechanical
or magnetic stirring during a certain time period. Thereafter, carbon particle is
added to this aqueous solution of polymer and disperse by mechanical stirring or
sonication over a certain time period. The mixture is then evaporated by solvent
casting method or vacuum filtrated to form a film of polymer/carbon composite.
This methodology is same as solution mixing technique: the difference arises in the
use of solvent only. In solution mixing technique, one can use any suitable
solvent for dissolving the polymers, whereas in this case, only aqueous medium can
be used. Hence, the composites based on only water-soluble polymer can be
prepared by this technique. For the preparation of conductive coatings, the very
small powdered particles of conductive fillers are added in an aqueous emulsion of
polymers. The emulsion can be coagulated or used directly for the purposes.

Fig. 15 Flowchart representing the steps of aqueous mixing technique
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Zhao et al. have reported the preparation of poly(vinyl alcohol) (PVA)/graphene
composites via facial aqueous solution mixing technique [122]. Initially, they
prepared PVA/graphene oxide (GO) composites and then reduced GO to exfoliated
graphene nanosheet. GO was first dispersed in aqueous solution using sonicator and
stabilized by adding 0.5 wt% sodium dodecylbenzenesulfonate (SDBS). The GO
was reduced to graphene using hydrazine and ammonia. The resultant mixture was
then cast in a clean glass plate using a doctor blade and dried in an oven for film
formation. They have shown that there was 150% increment in tensile strength and
10 times increment in tensile modulus for 1.8 vol.% PVA/graphene composite
compared to neat PVA.

Preparation of chitosan/MWCNT nanocomposites was performed by simple
solution mixing and evaporative casting method in aqueous medium [123]. In this
typical procedure, the MWCNTs were first swelled in the required amount of
distilled water (100 ml) and homogenized for 60 min in an ultrasonic bath. Acetic
acid (1 ml) and chitosan (1 g) were then added with this already made MWCNT
suspension and shaken for 1 h for dissolving chitosan. The solution mixture was stir
mechanically at 18,000 rpm for 30 min and then sonicated for 20 min for removing
any bubble present in the system. The composite solution was poured in a plastic
Petridis and heated at 50 °C for evaporating water. The obtained film has an
average thickness of 0.08 mm. The authors investigated the morphology of the
composite system through SEM, TEM, optical microscopy, XRD, and mechanical
properties like tensile and nanoindentation. Their results showed that the CNTs
were homogeneously dispersed within the chitosan matrix. Moreover, 93 and 99%
improvement in tensile modulus and strength, respectively, were reported for 0.8 wt
% MWCNT loaded composite.

Our research group has investigated the electrical, dielectric, and impedance
spectra behavior of PVA/starch (70/30) blend graphene nanocomposites prepared
by solution aqueous mixing and evaporative casting technique [124]. In this pro-
cedure, 4.2 g of PVA was separately dissolved in 50 ml of deionized water in a
beaker. In another beaker, starch (1.8 g) mixed with glycerol (3 g) was dispersed in
50 ml of deionized water. Different amounts of graphene were dispersed in
deionized water by ultrasonication for 2 min at amplitude of 30%. Subsequently,
the starch and graphene dispersions were added to the already dissolved PVA
solution and continuously stirred for 4 h at 400 rpm. The mixture was degassed,
decanted into flat glass plate, and evaporated overnight at 50 °C to get composite
film. The polymer/carbon composites were also prepared by several authors in the
past by this aqueous mixing technique [125–130]. This method is advantageous in
the sense that it is economical and less hazardous because of the use of aqueous
medium in the processing of composites.
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1.7 Conclusions

The preparation of polymer/carbon composites by different techniques has been
discussed in this chapter. Solution mixing method is suitable for the polymers that
are soluble in some common solvents. Moreover, in some cases, solution mixing
process gives a better dispersion of carbons within polymer matrices. However, for
making buckypaper, vacuum filtration is a favorable process. Melt mixing tech-
nique is important because of its industrial viability and for those polymers, which
are insoluble in common solvents. Wastage of solvent gives more cost to the
solution mixing, whereas in melt mixing, energy loss due to heating produces more
cost to the process. For making composite fiber, one has to follow either wet or melt
spinning technique depending on the nature of polymer and carbons. Dry mixing is
favorable for those polymers which are quite soft at ambient temperature and the
other ingredients are in soft, liquid, or powder form. Rubbery materials are gen-
erally processed through this technique. Powder polymers are processed through the
powder mixing technique when the other ingredients are either in powder or liquid
form. Biopolymer composites are generally prepared through aqueous mixing
technique as they are water-soluble in nature.
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Mechanical Properties
of Carbon-Containing Polymer
Composites

K. Sasikumar, N. R. Manoj, T. Mukundan, Mostafizur Rahaman
and Dipak Khastgir

Abstract The carbon particles in micro- and nanometric size are the prominently
used as particulate filler in polymer matrix to improve mechanical properties. The
carbon black is the most widely used cost-effective filler, but require higher loading
levels to get optimum mechanical properties. Researchers all over the world are
investigating the various nanoforms of carbon like Fullerenes, Carbon nanofibres,
Carbon nanotubes, Nano diamond and Graphene as fillers in polymer matrix to
improve mechanical properties at low loading levels. These nano-sized carbon
particles, impart additional properties like improved electrical conductivity, reduced
friction, higher heat dissipation and improved hydrophobic nature, etc., which makes
them preferred candidate despite of higher cost. New methods for functionalization
and dispersion are attempted to capitalize the full potential of these nanomaterials.
This chapter gives a bird’s eye view of progress made in the preparation of these
nanocomposites, advanced functionalization, and dispersion methods, and their
impact on the mechanical properties of polymer nanocomposites. The obstacles in
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converting lab-scale achievements into large-scale applications also discussed and
suitable suggestions are given.

Keywords Mechanical properties � Carbon � Polymers � Nanoparticles
Graphene

1 Introduction

The particulate fillers improve the mechanical properties of polymeric materials due
to their reinforcing nature. The degree of reinforcement depends on physical
interactions between the filler and the polymer matrixes [1, 2]. The fillers such as
Carbon particles, Silica, and clay show significant reinforcement due to the better
adhesion with the polymer matrix. The presence of active sites, make these fillers
more compatible with the polymer matrix [3–5]. Among the various reinforcing
fillers, carbon particles are the most preferred fillers for improving the mechanical
properties of polymers especially elastomers due excellent reinforcing ability.
Carbon exists in different allotrophs, among them carbon black and graphite are
conventionally used in polymer composites. However, the research in material
technologies coupled with the emergence of electron microscopes has resulted in
the discovery of newer forms of carbon such as valerian, nano diamond, carbon
nanofibre, carbon nanotubes and graphene, which have at least one dimension in the
nanometric range [6, 7]. The nanoforms of carbon become the best choice for
polymer scientists to design lightweight composites, which possess high strength-to
weight ratio, high elastic modulus and excellent mechanical strength [8–10]. In
the present chapter, we will discuss about the various methods of preparation of the
following carbon particle filled polymer composites and their impact on the
mechanical properties.

1. Carbon Black Composites
2. Graphite Composites
3. Fullerene Composites
4. Nano Diamond Composites
5. Carbon Nanofibre (CNF) Composites
6. Carbon Nanotube Composites
7. Graphene Nanocomposites

2 Carbon Black Composites

Carbon black is the most widely used reinforcing filler in polymer matrixes due to
the presence of active sites on its surface, smaller size, and lower cost. Almost all
engineering rubber components contain large quantity of carbon black as
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reinforcing filler. There is plenty of research papers available published over last
seven decades, which throws light on the reinforcing ability of carbon black in
polymers especially elastomeric compounds. The surface of carbon black contains
many types of functional groups like carboxyls, lactones, phenols, and Quinones
[11], which dictate the adhesion with the polymer matrix and overall improvement
in the strength. Further, carbon black forms physical bonding with the polymer
chains and thereby enhances the strength [12]. Many types of carbon black are
available based on the manufacturing method, and each type has a distinct structure,
which governs its property. The reinforcing type carbon blacks are used to improve
the mechanical properties and the conductive carbon blacks are used in electro-
magnetic interference (EMI) shielding materials and antistatic surfaces. Generally,
the mechanical property improvement becomes prominent when the concentration
of carbon black is above 30% [13]. For example, in EPDM rubber the polymer-filler
interaction becomes noticeable above 30 phr indicated by enhanced physical
stiffening and it reaches saturation at about 60 phr loading level [14]. The addition
of high abrasion furnace type carbon black (N330) into EPDM/PP blend show
increase in tensile strength and decrease in elongation at break up to 60 phr loading
levels, beyond which the properties start decreasing due to improper wetting of
carbon black particles in the polymer matrix [15]. The gasification of carbon black
particles in carbon dioxide gas, prior to the incorporation into polymer matrix was
found to enhance the modulus due to formation of higher degree of primary
aggregates. The mechanical strength of electro-spun fibres of carbon black
impregnated polyurethane increases up to 120% at a loading level of 3.65% of
carbon black, beyond which the composite loses its strength due to agglomeration
and increase in the viscosity of the precursor solution [16]. The addition of 5% of
silane treated carbon black results in an increase of tensile properties of HDPE [17].
The reinforcement due to carbon black found to be better in polar polymers like
Nitrile rubber compared to the nonpolar polymers like EPDM [18]. Majority of the
published literature show that carbon black as reinforcing filler has tremendous
potential at medium to higher loading levels. However, the agglomeration of the
carbon black at higher loading level tends to cause un-uniformity in the mechanical
properties from batch to batch. Further, carbon black cannot be used to achieve
multi-functional properties like strength and damping, strength and conductivity,
strength and hydrophobic nature, etc., simultaneously. To get multi functional
properties nanovariants of carbon black are the best choice.

3 Graphite Composites

The Graphite is one of the simplest natural forms of carbon and it has high electrical
conductivity and most preferred for the preparation of polymer composites, which
are lightweight and electrically conductive [19]. The layered structure of natural
graphite has to be broken during the preparation of conductive polymer composites
to get higher conductivity at low level of filler loading. To achieve this, natural
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graphite is converted into graphite oxide (GO) by oxidation. The GO contains
various polar functional groups such as hydroxyl, epoxy and carbonyl groups [20].
These functional groups interact with the polar moiety of the polymer chains and
there by improve the intercalation and exfoliation of the graphene layers [21, 22]
into the hydrophilic polymers. However, dispersion of GO in hydrophobic poly-
mers is difficult due to the absence of polar–polar interaction. Hence, to disperse the
GO in hydrophobic polymers a novel method of reversible addition-fragmentation
chain transfer (RAFT) reaction had been used [23]. Graphite oxide was immobi-
lized with dodecyl isobutyric acid trithiocarbonate (DIBTC) by RAFT method
(Fig. 1) and the resultant GO was used in the preparation of Polystyrene-Graphite
nanocomposites. This has resulted in the enhancement of mechanical, dynamic
mechanical properties and increase in the glass transition temperature from 74 to
105 °C for as little as 1% of GO.

Another interesting method for increasing dispersion is increasing the
inter-laminar distance. The normal inter-laminar distance in natural graphite is
about 0.66 nm, which can be increased to about 2 µm by treating the natural
graphite with H2SO4–HNO3 acid mixture followed by heating the Graphite
Intercalated Compound (GIC) to 900 °C for short duration of 15 s [24]. The gra-
phite formed by this method is known as exfoliated or expanded graphite (EG). The
addition of EG into polypropylene matrix by in-situ processing method was found
to improve the mechanical and thermal properties better than melt mixing due to
high degree of uniform dispersion [25]. The incorporation of EG into PMMA
matrix by direct solution blending method had resulted in the enhancement of

Fig. 1 The synthesis route for the preparation of RAFT immobilized GO nanosheets. Reprinted
with permission from Ref. [23]
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storage modulus, loss modulus and tan delta at very low concentrations of EG [26].
The PMMA/graphite composite shows lesser modulus than the neat PMMA due to
the formation of weak interface, whereas the PMMA/EG composites show excel-
lent dynamic properties due to the better mechanical interlocking between the EG
layers and PMMA polymer chains (Fig. 2).

The grafting of chemical functional groups in expanded graphite yields still
better mechanical properties than EG. The addition of 3-aminopropoxyltriethoxy
silane grafted EG into Epoxy resin improved the rubbery modulus from 160 to
240 MPa due to the covalent bonding between the functionalized EG and epoxy
resin system [27]. The study also revealed that the addition of EG or functionalized
EG beyond certain loading level leads to re-agglomeration of graphite platelets and
thereby decreases the glass transition temperature. Further, at higher loading levels,
the viscosity of the epoxy resin—graphite system reaches very high value and
causes processing problems. The graphite nano platelets are a special class of
expanded graphite in which the interlayer distance is around 200 nm. The addition
of 2.5% of graphite nano platelets into epoxy resin found improve modulus tensile
strength, dynamic modulus as well as glass transition temperature due to the better
interfacial adhesion between the platelets and the resin matrix [28]. Though the
expanded graphite and its functionalized variants show significant improvement in
mechanical properties at lower loading levels, the preparation of EG and further
functionalization is a tedious method and industrially not viable. Hence, the
large-scale application of graphite is a limited one.

4 Fullerene Composites

Fullerene is an interesting form of molecular carbon, which contains 60 carbon
atoms arranged in a spherical form consisting of 20 hexagons and 12 pentagons.
The spherical shape of the Fullerene makes it a zero-dimensional material, in which
structural rigidity occurs in all the three dimensions leading to very high mechanical

Fig. 2 G’ of PMMA/graphite
(filled square) and PMMA/EG
(filled circle) plotted as a
function of filler weight
fractions at 25 °C. Reprinted
with permission from Ref.
[26]
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strength. However, to capitalize this to the maximum in the composites, we need to
do functionalize the Fullerene molecule according to the nature of matrix [29]. The
addition of a little quantity of Fullerene (0.5%) in thermoplastic polyurethane
matrix by melt mixing leads to 50% improvement in tensile strength, which further
increases to 70% if the surface of Fullerene molecules are modified with nitric acid
and Silane coupling agent [30]. Interestingly, the elongation at break also increases,
which shows that the addition of Fullerene gives simultaneous strengthening as well
as toughening. The addition of just 1% of Fullerene (C60) into the epoxy matrix was
found to improve the fracture toughness by 50% and tensile strength by 20% [31].
To achieve the same level of improvement in properties, it requires at least 5 to 10%
of other nano fillers like nano SiO2 or nano TiO2 or Carbon Nanotubes (CNT). The
formation of entanglements is very much low and dispersion is better than other
nanofillers due to the spherical shape of Fullerene molecules, which results in the
enhancement of mechanical properties.

The incorporation of about 0.1% of Fullerene increases the tensile strength and
elongation at break by 20% due to the restriction offered by the nanofiller upon the
mobility of epoxy polymer chains under load [32]. The simultaneous increase in
strength and elongation at break makes the nanocomposite tougher with the three-
fold increase in the impact strength. The addition of low concentration (1–3 wt%) of
carbon soot containing Fullerene into epoxy matrix was found to change the brittle
nature of epoxy compound into ductile nature [33] due to the enhancement in
toughness by 1000–1800% (Fig. 3).

The significant change in the behavior of the nanocomposite is attributed to the
crack inhibiting nature of Fullerenes. The change in the nature of the epoxy material
has a tremendous advantage in the painting and coating applications, which
undergo plastic deformation. The in-situ addition as well as addition of Fullerene
during melt mixing of PA6 polymer favors the selective crystallization of the
polymer in a form and thereby increases the mechanical strength at very low level
of loading from 0.01 to 1% [34]. The addition of plasticizers like amide of oleic
acid found to decrease the agglomeration and enhance the uniform dispersion of the

Fig. 3 Tensile testing results
of epoxy resin, and the
composites with 1 and 3 wt%
Carbon soot. Reprinted with
permission from Ref. [33]
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nanofiller in the polymer matrix. The micro-hardness of Polyethylene thin films
improves by 30% due to the addition of 2.5% of Fullerene particles through
solution mixing process [35]. Annealing of these composites at 130 °C leads to
increase in the micro hardness due to phase separation of Fullerene moieties within
the nanocomposite matrix. The incorporation of small amount of Fullerene (0.1–
0.5%) into the epoxy resin used in the fabrication of Carbon fibre reinforced plastics
(CFRP) found to improve various mechanical properties. The tensile strength,
compressive strength, and compression after impact (CAI) strength were increased
by 15% and inter-laminar fracture toughness increased by 60% [36] due to the inter
facial interaction between the polymer and the Fullerene molecules. Despite its high
mechanical strength, Fullerenes has very limited application in industrial polymer
composites, due to the variation in the purity and cost aspects.

5 Nano Diamond Composites

The nano diamond is a form of diamond, which has particle size in the range of 5 to
50 nm and near spherical shape. It has high mechanical strength like bulk diamond.
The presence of additional functional groups on the surface of nano diamond makes
it attractable one to the researchers in the field of nanocomposites [37]. The
advantages of nano diamond over other nano forms of carbon are higher Young’s
modulus, hardness, thermal conductivity, electrical resistivity, chemical stability,
and low coefficient of friction [38]. The near spherical shape and smaller size gives
maximum possible interaction volume between the matrix and the nano diamond
particles, which is equal in all directions unlike nanotubes [39, 40]. The air oxi-
dation of nano diamond particles results in improved purity and leads to the for-
mation of certain functional groups on the surface of the nano diamond particles
[41, 42]. Nano diamond based composites are useful as wear resistant coatings,
friction modifier, high performance grease, and as high strength composites [43,
44]. The conventional dispersion techniques like shear mixing, high power
ultra-sonication would yield only marginal improvement in the dispersion due to
the high affinity between spherical nano particles [45, 46]. Further, the casting and
melting methods are not suitable for incorporating large quantity of nano diamond
particles in the polymeric fibres. Hence, electro-spinning was tried to disperse the
nano diamonds in polymeric fibres [47]. The nano diamond particles produced by
detonation method were first air oxidized for 2 h at 425 °C to remove non-diamond
carbon forms and then treated with concentrated HCl at 100 °C to remove metallic
oxides. The acid treated nano diamond particles were washed to neutral pH and
dried. These nano diamond particles dispersed in solvent composed of formic acid
(FA) and dichloromethane (DCM) in a 1:1 volume ratio, and then suitable amount
of polyamide (PA 11) powder was added. The mixed solution was used to develop
electro-spun nano-fibres. The Young’s modulus found to increase by four times and
hardness by two times due to addition of 20% of pre treated nano diamond particles.
Interestingly, the electro-spun fibre mats obtained by this method exhibit not only
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superior mechanical properties but also show improved protection from ultra violet
rays, transparent and are scratch resistant. This multifunctional characteristic makes
it suitable for a variety of applications. The addition of very low quantity of nano
diamonds (0.5%) into vinyl trimethoxy silane grafted high-density polyethylene
(g-HDPE), by ball milling followed by melt mixing had resulted in enhanced
mechanical strength and modulus [48]. However, above 0.5% loading, the
mechanical properties decrease gradually. The nanocomposite with 0.5% nano
diamond show improved strength, toughness, and higher elongation at break,
whereas the nanocomposites with 5% nano diamond show low toughness and
higher brittleness (Fig. 4).

A novel method of grafting polyimide chains on the surface of functionalized
nano diamonds has shown remarkable increase in the hardness of Polyimide-nano
diamond nanocomposites [49]. The nano diamonds were synthesized by high
temperature, high pressure detonation method to get nano diamond particles con-
taining carboxylic functional groups. The nano particles were first treated with
thionyl chloride and then with constituent monomers of polyimide namely 4,4′-
(m-phenylene dioxy) dianiline (APB), 3,3′,4,4′-benzophenone tetracarboxylic
dianhydride (BTDA) to get the polyimide grafted nano diamond particles (Fig. 5).
This type of grafting of polymers from the surface of the nanoparticles has facili-
tated breaking the agglomerations and enhancing the dispersion. The hardness of
nanocomposite containing 1% of polyimide grafted nano diamond is about 30%
higher than the neat polyimide whereas that of nanocomposite containing 5% of
unfunctionalized nano diamond particles is about 25% higher than the neat poly-
mer. This shows that chemical grafting is one of the best methods to improve
mechanical properties of nano diamond composites.

Fig. 4 Stress–strain curves of PEX and its nanocomposites with nanodiamonds. Reprinted with
permission from Ref. [48]
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The addition of 1% of aqueous dispersed nano diamond particles in Poly (vinyl
alcohol), PVA matrix led to increase in the Young’s modulus by 250% and tensile
strength by 30% [50]. The increase in modulus was found to match well with the
value predicted by rule of mixtures. The surface of nano diamond particles contain
few carboxylic functional groups, which are expected to form hydrogen bonding
with the hydroxyl group of the PVA, additionally the presence of water molecules
also enhance the interaction and thereby demonstrate higher modulus and strength.
The carboxylated nano diamond particles when added to epoxy resin undergo
esterification reaction with the epoxy groups, resulting in the enhancement of
tensile modulus and strength by 50% at very low concentration of 0.3% of nano
diamond particles [51]. A novel method of chemical interaction was attempted by
grafting amine groups on the nano diamond particles through Trimethylene tetra-
amine (TETA), which in turn reacts with epoxy resin to form chemical
cross-linking (Fig. 6). The chemical grafting aids to improve both storage modulus
as well as fracture toughness [52].

Fig. 5 Acyl chloride functionalization of nanodiamonds and grafting of polyimide from diamond
surface. Reprinted with permission from Ref. [49]

Fig. 6 Amino functionalization of ND with TETA and grafting epoxy from ND surface.
Reprinted with permission from Ref. [52]

Mechanical Properties of Carbon-Containing Polymer Composites 133



The addition of nano diamond in large quantity like 25% by solution mixing in
tetra hydro furan and sonication along with resin part of epoxy polymer prior to
polymerization reaction found to enhance the modulus by 470% and hardness by
300%. The scratch resistance and thermal conductivity also improved remarkably
due to formation of interconnected diamond network at higher filler loading [53].
The combination of higher mechanical strength as well as solid lubrication prop-
erties of nano diamond makes it a potential material for the preparation of high
pressure self lubricating polymeric seals for dynamic applications like suspension
systems, hydraulic actuators and landing gears of aircrafts.

6 Carbon Nano Fibre (CNF) Composites

The carbon nano fibre is a potential replacement for the conventional short fibres
due the good mechanical strength (7 GPa) and modulus (400 GPa) [54] combined
with crack inhibiting property. The nano-sized fibres inhibit the nucleation and
growth of crack at the nano scale length and stop their propagation into micro-scale,
thereby improve the fracture toughness of polymer composites. The addition of 5%
of carbon nano fibres into Poly (ethylene terephthalate) (PET) powder by ball
milling and further melt processing has shown 50% improvement in the com-
pressive modulus and torsion modulus, which help to arrest the kink propagation
[55]. However, the improvement in tensile strength was very marginal, possibly due
to the random distribution of nanofibres in the matrix. Likewise, in PP/CNF
composites also the tensile strength is decreased beyond 2% CNF loading, though
the modulus increase steadily as the concentration of CNF increased to 10% [56].
The addition of 1% CNF into Poly (lactic acid) by solution blending was found to
increase the tensile modulus increases by 24 at 0.5% loading of CNF and reduces to
16 at 1% loading of CNF. This is due to the agglomeration of CNF at higher
loading levels. However, the tensile strength increases steadily by 40% due to
addition of 1% CNF, indicating alignment of CNF in axial directional under tensile
load [57]. Dispersion of CNFs in acetone by sonication and then adding the mixture
into epoxy resin was found to reduce the agglomeration. Further, slow curing of the
epoxy-CNF nanocomposite under refrigeration at 4 °C for 8 days also reduces the
degree of agglomeration by arresting the movement of CNFs during the curing
process [58].

The addition of 0.5% CNF into epoxy resin by this procedure was found to
enhance the bending modulus by 60% and hardness by 100%. The electrochemical
surface treatment of CNFs using nitric acid as the electrolyte was found to improve
the flexural modulus of epoxy-CNF nanocomposites significantly [59]. The increase
in flexural modulus due to addition of 12% of untreated CNF was about 45%, which
increases gradually with increase in the time of electrochemical surface treatment
and reaches to a maximum of 250% enhancement for 12 min of surface treatment.
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This is due to the oxidation of surface carbon atoms into various functional group
containing C=O moieties, which form better bonding with the epoxy matrix. At still
higher duration of surface treatment, the surface of nanofibers becomes more porous
leading to decrease in the modulus. Another interesting method to disperse CNF in
epoxy composites is synthesis of CNF/PVA nanocomposite mats through
electro-spinning. A very low level of CNFs (0.015%) was added to PVA solution
and the solution of electro-spun to get the nanofibre mats. These mats were used as
intermediate layers in the fabrication of test coupons of epoxy-CNF composites. The
flexural modulus of the nanocomposites got improved by 200% due to the addition
of 0.015% of CNF in the matrix [60]. The PANI functionalized CNF nano-paper was
found to have excellent electrical conductivity as well as mechanical strength.
Incorporation of this nano-paper as protective layer over glass fibre reinforced epoxy
composite improved the flexural strength by 24% and offer excellent electromag-
netic shielding [61].

The vapor grown carbon nano-fibres (VGCNF), prepared by catalytic decom-
position of hydrocarbons over metal catalysts are economical alternatives for CNTs
due to the improved mechanical reinforcement, electrical conductivity, and high
aspect ratio [55, 62, 63]. The incorporation of 3% of VGCNF into low-density
polyethylene (LDPE) by melt mixing using single screw extruder was found to
improve the modulus by more than 40% due to the excellent reinforcement [64].
The graphitization of CNFs by heat treatment at 2500 °C in nitrogen atmosphere
was found to make the CNF surface more defects free, which led to increase in
electrical conductivity of epoxy-CNF composites. However, the heat treatment was
detrimental for the mechanical modulus and strength due to the decrease in the
interfacial adhesion between the epoxy matrix and heat-treated CNFs [65]. A novel
method to form semi aligned continuous carbon nano fibres, is electro-spinning of
PAN nano-fibres over a rotating drum and then carbonization of the electro-spun
mat at high temperature. The carbon nano fibre mats formed by this method can be
used as intermediate layers in the fibre-reinforced polymer composites to achieve
higher modulus, tensile strength, and inter-laminar shear strength. The addition of
2% of continuous CNF mats enhances the tensile strength and inter-laminar shear
strength by 200%, due to the higher surface area of the CNFs and enhanced
interaction between the nano fibres and the resin matrix [66]. The degree of
agglomeration hampers the use of CNFs in polymer composites in bulk quantities.
The electro-spinning of CNF precursors is one of the novel methods, which has
huge potential in the manufacture of CFRP in large scale.

7 Carbon Nanotube Polymer Composites

Among all the allotropes of carbon, carbon nanotubes have become a prime can-
didate for many engineering applications, due to very high mechanical strength and
the ease of manufacturing and functionalizing the CNTs [67–70]. The pristine
MWNTs found to have tensile strength of 11–63 GPa and modulus of 270–950 GPa
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as determined by AFM studies [71]. The maximum strain that MWNTs can
undergo before breaking was found to be about 12%. The addition of nanotubes
into polymer matrixes is expected to result in huge increase in the modulus and
strength as per the rule of mixture. However, in practical scenario, it is not possible
to get the expected theoretical values. Nanotubes cannot act as stand-alone strength
member due to the finite dimensions, especially length in few micrometer ranges. It
needs other component for the tube-to-tube connectivity. In most of the cases, the
matrixes in which the nanotubes are dispersed play the role of interconnecting
medium. The effective stress transfer between the nanotubes and the matrix has to
be ensured to get better strength and modulus. The stress transfer between the
nanotubes and the matrix can be improved either by mechanical interlocking or by
chemical or physical bonding. The shrinkage of the polymer matrix found to cause
buckling and bending of nanotubes due to the compressive load exerted by the
matrixes like epoxy and thermoplastic polymers [72].

The addition of pristine MWCNTs itself found to enhance the tensile strength, if
the host polymer matrix contains polar groups. The addition of 7.5% of pristine
MWCNT to hydroxylated nitrile-butadiene rubber (HNBR) found to enhance the
tensile strength from 26.6 to 29.5 MPa due to the presence of ACN groups, which
have affinity towards the nanotubes [73]. In the case of MWCNT-Natural Rubber
composites, the addition of pristine MWCNT up to 10 phr found to increase the
modulus but decrease the ultimate tensile strength [74]. The addition of nanotubes
found to support the stress induced crystallization in natural rubber resulting in
higher modulus and less elongation at break as well as strength (Fig. 7).

To improve the dispersion of nanotubes in the polymer matrix, researchers follow
various methods like in-situ polymerization, solution mixing, surfactant-assisted
processing, and melt compounding. The physical method of interaction achieved

Fig. 7 Stress–strain plots of
NR-MWCNT composites.
Reprinted with permission
from Ref. [74]
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through surfactants like gum Arabic, sodium carboxymethyl cellulose, etc., Carbon
nanotubes dispersed in poly vinyl alcohol using Sodium dodocyl sulphite (SDS) as
surfactant (CNT: 0.4%; SDS: 0.5%) found to increase the modulus by 50% (from 6.6
to 9.4 GPa) in the electro-spun nano-fibres. The addition of SDS overcomes
agglomeration of CNTs, and electro-spinning favors alignment of the nanotubes
along the fibre axis [75]. The chemical bonding is achieved by functionalizing the
nanotubes to get functional groups like carboxylic group, hydroxyl group, etc., the
carboxylic functionalization of MWNTs found to enhance the tensile strength by
15% and modulus by 13% in MWNT-Epoxy composites. If the carboxylic func-
tionalization is replaced with addition of gum Arabic, the tensile strength increases
further up to 22% and modulus up to 29%. The comparison of Electron microscopic
analysis of unfunctionalized MWNT-Epoxy, carboxylic functionalized
MWNT-Epoxy and gum Arabic incorporated MWNT-Epoxy samples show that the
functionalization methods decrease the agglomeration of nanotubes and enhance the
degree of interaction between the nanotubes and the polymer matrix. The
non-covalent functionalization of nanotubes by gum Arabic seems to be better
option than the carboxylic functionalization [76]. The addition of amino function-
alized MWCNTS and amino functionalized DWCNTs found to increase the tensile
strength of isophalic acid based unsaturated polyester resin system by about 15–
17%, due to the increase interfacial adhesion of the amino groups [77]. The increase
in tensile strength is more in case of DWCNTs due to better load transfer charac-
teristics originated from the higher surface area of DWCNTs (Fig. 8). Here the
dispersion of nanotubes into the matrix was achieved by 3-roll mill mixing method.

The chemical functionalization of nanotubes leads to defect initiation in the
nanotubes structure. To overcome this, a novel method of chemical functional-
ization using half-neutralized dibasic acids was attempted by Jagtap et al. [78]. Here
the MWCNTs were treated with half-neutralized succinic acid (HNSCA),
half-neutralized adipic acid (HNAA), and half-neutralized sebacic acid (HNSA).

Fig. 8 Ultimate tensile strength (UTS) of the CNT/polyester nanocomposites (a) with MWCNT
and MWCNT–NH2 as a function of CNT filler ratio, (b) with DWCNT and DWCNT–NH2 as a
function of filler ratio. Reprinted with permission from Ref. [77]
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Among the three, the adipic acid salt modified MWCNTs were found to improve
the tensile strength and tensile modulus most effectively. The addition of 0.5 wt%
HNAA modified MWCNTs showed 70 and 190% increase in the tensile strength
and tensile modulus, respectively. The cation–P interaction between the HNAA
and MWCNT results in the decrease in agglomeration of nanotubes and chemical
bonding between HNAA and epoxy chain results in better interfacial adhesion
(Fig. 9).

In thermoplastic polymers, solution mixing and melt mixing methods are widely
used to disperse nanotubes. In solution mixing, the polymer is dissolved in a solvent
and nanotubes are added to the solution, ultra sonicated to disperse the nanotubes.
However, this is a tedious method and requires large volume of solvent to dissolve
the polymer and removal of the solvent after mixing is a cumbersome activity. In
melt mixing, the polymer is melted at high temperature in a screw mixer and the
nanotubes are added during mixing. The addition of MWCNT in LDPE matrix by
melt mixing at 140 °C found to increase the modulus and strength gradually
(Fig. 10). About 10% addition of MWNT led to increase in Young’s modulus by

Fig. 9 Representation of interaction between HNAA and MWCNTs, reaction of HNAA with the
epoxy matrix. Reprinted with permission from Ref. [78]
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89% and tensile strength by 56% [79]. The coiling nature of nanotubes makes more
mechanical interlocking with the polymer chains and thereby improves the rein-
forcement in the matrix.

A recent study shows that melting mixing of already solution mixed sample of
nanocomposites can give better properties. For example, the addition of MWCNT,
into Ethyl Methyl Acrylate polymer by solution cum melt mixing found to increase
the tensile strength from 9.61 to 12.9 MPa [80]. The increase in strength is sup-
ported by the enhanced dispersion of carbon nanotubes in the matrix as observed in
the TEM images (Fig. 11).

Another method to enhance the reinforcement between nanotubes and polymer
matrix is by grafting of nanotube walls with short chain polymer moieties like
maleic anhydride under plasma conditions. The polyimide—mMWCNT
nanocomposites found to exhibit superior mechanical strength and electrical
properties at very low concentration of grafted MWCNTs [81]. The addition of
pristine nanotubes in polyimide found to decrease the strength whereas the grafted
MWCNTs found to increase the strength due to better interaction (Fig. 12).

The addition of MWCNTs by wet mixing method was found to give better
strength in the case of Styrene-Butadiene and Butadiene Rubber blends [82]. The
nanotubes were dispersed in ethanol using ultra-sonication, and this solution was
added to the rubber compound during the mill mixing. The ethanol was evaporated
during the mill mixing and the resulting rubber compound had well dispersed
nanotubes. The stress–strain plot (Fig. 13) shows that the strength of rubber
compound containing 5-phr wet mixed CNT is about double of the rubber com-
pound containing 10 phr of dry mixed CNT. Further, the wet mixed neat, silane or
hydroxyl functionalized CNT, all composites gave almost similar results. It shows
that wet mixing is more effective for the rubber matrixes.

Fig. 10 Stress–strain curves of the LDPE composites with varying MWNT content. Reprinted
with permission from Ref. [79]
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The sidewall functionalization of MWCNTs with triethylene tetraamine (TETA),
was found to increase the impact strength tremendously [83]. The nanotubes were
treated with sulphuric acid and nitric acid mixture to get carboxyl function groups.
The carboxyl groups were converted into acid chloride by adding thionyl chloride.
The acid chloride groups were treated with TETA to get the TETA functionalized
MWCNTs (Fig. 14).

Addition of 0.6% of the TETA functionalized MWCNTs to the base polymer
DGEBA, had resulted in increase of impact strength, bending strength, and bending
modulus by 84, 29, and 22% respectively. The short chain moieties of TETA act a
shell over the MWCNT core (Fig. 15), and thereby aids for efficient load transfer
from the epoxy matrix to the nanotubes [83]. The surface modification of nanotubes
found to enhance the interaction with the epoxy matrix significantly [84].

Fig. 11 TEM image of MWNT/EMA composites with different concentration of MWNT:
a sMWNT 1.0%, b sMWNT 2.5%, c smMWNT 1.0%, d smMWNT 2.5%. Reprinted with
permission from Ref. [80]
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Comparing to the chemical methods like treatment with acid and amine, the plasma
method was found to be better method to induce surface functionality in the nan-
otubes and thereby to improve the interaction with the epoxy matrix. The enhanced
interaction led to effective stress transfer, which contributes to the huge increase in
tensile strength, modulus, as well as elongation at break (Table 1).

Fig. 12 Plots of the Young’s modulus of the mCNT/polyimide and CNT/polyimide films against
CNT content. Reprinted with permission from Ref. [81]

Fig. 13 Stress–strain diagram of CNT filled SBR-BR blend. Reprinted with permission from Ref.
[82]
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Fig. 14 Scheme for the process of grafting TETA onto the MWCNT surface. Reprinted with
permission from Ref. [83]

Fig. 15 Model structure of TETA functionalized MWCNT/epoxy composites. Reprinted with
permission from Ref. [83]

Table 1 Mechanical properties of pure epoxy and CNT/epoxy composites. Reprinted with
permission from Ref. [84]

Fillers Tensile strength
(MPa)

Young’s modulus
(GPa)

Elongation at break
(%)

No Filler (Epoxy) 26 1.21 2.33

Untreated CNTs 42 1.38 3.83

Acid treated CNTs 44 1.22 4.94

Amine treated
CNTs

47 1.23 4.72

Plasma treated
CNTs

58 1.61 5.22
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The method of in-situ dispersion of MWNCT in the synthesis of polyimide thin
filmswas found to give better electrical conductivity even at very low concentration of
0.15% volume fraction [85]. About 11 orders of magnitude increase in electrical
conductivity was observed. However, the increase in the mechanical properties was
marginal in this method even at 2% volume fraction. It is due to inertness of the
pristine MWCNT. The addition of acid treated MWCNTs (sulphuric acid and nitric
acid in the ratio 3:1), had yielded significant improvement in tensile strength and
fracture strength of epoxy matrix [86]. About 70% increase in tensile strength was
observed by addition of 8% of acid treatedMWCNT, due to the high specific strength
as well as specific surface area of the MWCNTs. Interestingly, the modulus of the
composites shown reverse trend due the increase in the toughness of the composites.
The acid treatment cause decrease in length and aspect ratio of the nanotubes, which is
believed to be the reason for the increase in the toughness of the composites.

The Young’s modulus of polyimide could be improved by 90% by adding just
1% of nitric acid treated SWCNTs. The nanocomposite became stronger as well as
brittle due to the presence of nanotubes [87]. Among the three types of nanotubes
namely, SWCNT, MWCNT and DWCNT, the DWCNTs were found to offer better
strength and fracture toughness [88, 89]. Addition of 0.5% of amino functionalized
DWCNT led to improve the mechanical strength by 10% and fracture toughness by
43%. Usually, if the interfacial bonding between the nanotubes and matrix is more,
then the fracture toughness should decrease, but in the case of DWCNT-epoxy
composites, both increase simultaneously, This was explained by considering the
fact that the elongation at break of nanotubes are higher than the epoxy matrix. The
nanotubes act as bridge between the polymer chains and delay the crack initiation.
A novel method of spray winging had been experimented in the preparation of
Polyimide-MWNT nanocomposites [90]. The sheets of MWNT synthesized by
CVD method were wound over a polymeric spool to required thickness. The
polymer precursor, polyamic acid was sprayed over the MWNT sheets during the
winding process, and the resulting nanocomposite prepregs were heated to high
temperature under pressure to get the Polyimide–MWNT nanocomposite thin films.
The tensile properties of the resultant films show significant improvement in strength
(300%) as well as modulus (1300%). The modulus increase from 4.04 ± 0.72 GPa
for the neat polyimide film to 53.73± 3.29 GPa for the MWNT composite (Fig. 16).

In the conventional nanocomposites, theMWNT form discontinuous channels and
hence improvement in themodulus could be less, whereas here the continuous aligned
structure of nanotubes result in very high modulus and strength. The addition of
MWNT in polyamide (PA) matrix by twin screw compounding method has yielded
enhancement of modulus tremendously [91]. The modulus of PA composite with 8%
MWNTwas more than the composite with 20% carbon black. Further, the composite
containing carbon black became more conductive due to the formation of conductive
channels at high loading fractions whereas theMWNT containing composites did not
significant increase in the conductivity. The addition of 1% SWNT into RTV silicone
resin system was found to increase the initial modulus significantly, but the modulus
started decreasing at about 10–20% strain due to the breakdown of effective interface
between the nanotubes and the matrix [92]. The in-situ Raman spectral analysis of
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samples during the tensile testing revealed that the nanotubes undergo reorientation
under the applied stress, thereby decrease the effective stress transfer. However, in
most of the applications, the rubber components undergo tensile strain less than 10%.
Hence, the improved modulus at low strains makes the SWNT nanocomposites a
better choice for low strain application.

The uniform distribution and dispersion of nanotubes in rubber matrix is a
challenging one due to the high viscosity of the rubber matrix. The solvent method,
which is widely used in thermoplastics like PVDF cannot be used in the case of
rubber materials, because it requires large quantity of solvent and removal of solvent
becomes a tedious one. A novel approach of dispersing nanotubes in ethanol in the
ratio of 1:30 and adding ionic dispersing liquids like 1-methyl-3-octylimidazolium
chloride (MOIC) and 1-allyl-3-methyl imidazolium chloride (AMIC) in the range of
1 mmol per gram of MWNT was experimented by Sahoo et al. [93]. This method
had resulted in significant increase in the strength as modulus. About four times
increase in strength was observed due to 6 phr MWNT (Fig. 17).

The gradual replacement of carbon black with MWCNT in natural rubber/butyl
rubber blend was found to increase the modulus and strength at lower volume
fractions of nanotubes, beyond which the strength started decreasing due to the
agglomeration of nanotubes [94]. The addition of pristine MWCNT upto 10-phr
level in carboxylated Nitrile rubber enhanced the tensile modulus and strength by
140 and 330% respectively [95]. Surprisingly, the elongation at break also
increased in this case. This shows that the nanofiller can offer both strengthening as
well as toughing simultaneously, which is not possible with micron-sized fillers.
The addition of amine functionalized MWCNT into water borne polyurethane by
covalent bonding of amine groups with the isocyanide group of polyurethane
pre-polymer was found to enhance the tensile stress and tensile modulus signifi-
cantly due to the formation of isocyanate linkage [96]. About 370% increase in
tensile stress and 171% increase in tensile modulus were observed for the addition
of 4 phr of amine functionalized MWCNT.

Fig. 16 The typical stress–
strain curve comparison of
MWNT/BPDA-PDA
composite and pure
BPDA-PDA polyimide.
Reprinted with permission
from Ref. [90]
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The addition of SWNTs into isotactic polypropylene in very low loading levels
by melt mixing was found to increase the tensile modulus and strength. About 40%
increase in modulus was observed due to the addition of 0.75% nanotubes, whereas
the increase in modulus due to addition of same quantity of carbon black was about
12% only [97]. The difference in modulus is due to the difference in degree of
interfacial adhesion between the filler and the matrix. The addition of MWCNT in
very low concentrations (0.5 phr) was also found show the Payne effect due to the
breakage of filler-filler networks [74]. The storage modulus of the composites
decrease with increase in the strain amplitude, and effect was more pronounced at
higher loading of MWCNT (Fig. 18).

Fig. 17 Tensile strength of
AEM/MWNT
nanocomposites. Reprinted
with permission from Ref.
[93]

Fig. 18 Strain dependence of
storage modulus of unfilled
NR and of MWNTs/NR
composites at room
temperature. Reprinted with
permission from Ref. [74]
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The addition of functionalized carbon nanotubes can increase the loss modulus
and glass transition temperature (Tg) of epoxy composites (Fig. 19). The addition of
about 0.75% of pristine nanotubes found to increase the Tg from 66 to 80 °C and if
the nanotubes were functionalized by amino groups, then Tg increased to 83 °C.
The increase in Tg is attributed to the enhanced interfacial interaction between the
nanotubes and the host matrix, which restrict the mobility of the polymer chains
[89]. Further, the damping nature of the composites also enhanced significantly
even if the nanotubes quantity was very less (0.05%).

The increase in damping was due to the resistance offered by the nanotubes
against the viscoelastic deformation of the epoxy matrix under mechanical stress.
A slight decrease in loss modulus was observed in nanocomposites with higher
concentration of nanotubes due to the presence of agglomeration. The gradual
replacement of carbon black in natural rubber/ butyl rubber compound had resulting
in increase in the storage modulus [94] due to increased reinforcement. The
enhanced reinforcement also led to decrease in tan delta values at glass transition
temperature (Tg). However, the peak position of loss tangent had shown a negative
shift (Fig. 20). Usually, the increase in reinforcement should lead to positive shift in
the Tg peak. The surface of pristine MWNCT has fewer tendencies to absorb the
polymer chains due to the difference in the energy levels of nanotubes and polymer
chains. Hence, the short range localized mobility of the polymer chains could not be
disturbed by the nanotubes. Moreover, nanotubes act as voids in between the
macromolecular chains and aid in the onset of segmental motion of the polymer
chains at lesser temperature.

The addition of pristine MWCNT into carboxylated Nitrile rubber found to
increase the storage modulus gradually due to hydrodynamic effect [95]. The
effective aspect ratio of the nanotubes in the rubber matrix was calculated from the
value of storage modulus at 25 °C by using Guth-Smallwood equation [98, 99].
The effective aspect ratio was found to vary in the range 75 for nanocomposite with
1 phr of MWNT and 20 for the nanocomposite with 10 phr of MWNT, whereas it

Fig. 19 Loss modulus of nanotube/epoxy nanocomposites with a non-functionalized nanotubes
and b amino-functionalized nanotubes. Reprinted with permission from Ref. [88]
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should be in the range of 500–1000 based on the TEM and SEM images. The
significant decrease in the aspect ratio of nanotubes in the composites was
explained by considering the agglomeration of nanotubes due to Vander Waals
force and possible breakage of nanotubes due to the shearing forces experienced by
the nanotubes during mill mixing.

The majority of wok done in polymer nanocomposites discusses about CNT
composites. The worldwide research has exploited all combinations of nanotubes
and polymers and results are very encouraging. The cost of nanotubes is reducing
day by day due to the ease of bulk production. Some of the CNT nanocomposites
are already in use for specialized applications in defense and consumer products
sectors. The need of the hour is the study of long-term stability and toxicology of
the nanocomposites, to ensure that the CNT nanocomposites are stable and safer for
use.

8 Graphene Polymer Nanocomposites

A single layer of graphitic form of carbon is known as graphene. The thickness of
graphene sheets is in the range of 0.4–0.6 nm whereas the length (X) and breath
(Y) are very large. The quantum confinement in the thickness direction and
hexagonal ordered arrangement of carbon atoms in X and Y directions facilitate high
electron mobility [15,000 cm2/(V sec)], and high thermal conductivity (4840
−5300 W/mK), giant thermoelectric effect apart from reinforcing nature [100–103].
Graphene is the first material in the new class of materials known as
two-dimensional crystalline materials. This new material has a number of unique
properties, which make it interesting for fundamental studies and potential appli-
cations, especially as next generation electronic material [104]. Its unique properties

Fig. 20 Temperature
dependence of loss tangent of
the CB and MWNCT filled
NR/IR rubber compounds.
Reprinted with permission
from Ref. [94]
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are high current density, ballistic electron transport, chemical inertness, high ther-
mal conductivity, optical transmittance, and super hydrophobicity. The covalent
carbon bonds that make up the crystal lattice of graphene make it extremely resilient
to loading. A pure sample of graphene has an intrinsic strength of 21 Nm−1 making
it the strongest material in existence. A sheet of graphene stretched over a coffee
cup could support the weight of a truck bearing down on a pencil point. The
engineering applications of Graphene are significant, but limited to laboratories
until a manufacturing process is scaled to produce large quantities of the material
that is pure enough to yield competitive results.

The addition of graphene in poly (vinyl alcohol) has shown remarkable
improvement in Young modulus [105]. However, the actual improvement depends
on the degree of dispersion of the graphene particles in the polymer matrix.
Graphene possess very high surface area (2600 m2/g) [106], surface energy and
undergo agglomeration and even restack together to form graphitic layers due to
interlayer Vander Waals forces [107, 108]. Overcoming these interactions by
conventional mixing methods is a challenging task in making graphene
nanocomposites on industrial scale. Generally three methods are followed to dis-
perse graphene in polymers, they are in-situ mixing during polymerization, solvent
mixing and melt mixing [109]. In the in-situ polymerization, the polymerization
reaction is carried out in presence of the graphene particles. The dispersion of
graphene is better in both in-situ polymerization and solvent mixing. However,
these two methods require large volume of organic solvents and the removal of
solvent at the end becomes a tedious process. In melt mixing the dispersion is not as
good as in the other two methods, but melt mixing is well-suited and economic
method for the dispersion of graphene in thermoplastic polymers.

To improve the efficacy of melt mixing method, a novel method of master batch
melt mixing was attempted for dispersing graphene in poly lactic acid matrix [110].
The master batch containing 20% graphene was prepared by mixing chemically
reduced graphene with poly lactic acid in tetrahydrofuran as solvent. The mixture
was ultra sonicated to ensure good dispersion and then the solvent was removed by
thermal evaporation. The presence of polymer chains prevents restacking of gra-
phene layers. To get the nanocomposites of desired composition, required quantity
of this master batch had been melt mixed with the pristine PLA. The master batch
method has resulted in good dispersion of graphene. Further, it is less solvent
incentive and prevents re-aggregation of graphene particles. The master batch has
high bulk density, which is desired for the melt mixing. The sequence of entire
process is shown in Fig. 21.

The tensile strength and hardness of graphene nanocomposites increase with
increase in the graphene content up to 0.08%, due to the reinforcing effect. Above
0.08%, the hardness increases but tensile strength decreases steadily and reaches
even below the tensile strength of neat polymer. This is because the formation of
graphene interlayer at higher concentration results in the obstruction of interaction
between the polymer chains leading to decrease in reinforcement. However, the
hardness and storage modulus, which dependent on the stiffness of the material
increase steadily. The addition of 0.1% of graphene in Nylon-6 enhances the
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Young’s modulus by 140% and tensile strength by 110% due to better dispersion
and hydrogen bonding [111]. Another novel method attempted for better dispersion
of graphene in polymer matrix was chemical functionalization followed by poly-
merization with the host polymer matrix. The graphitic oxide was reacted with Octa
decylamine (ODA) and methacryloyl chloride to get polymeriable –C=C– linkages
embedded in the graphene sheets [112]. The functionalized graphene sheets were
added at the time of polymerisation reaction of methyl mechacrylic acid (MMA) to
get PMMA-Graphene covalently bonded nanocomposites. By this method, the
glass transition temperature (Tg) of the nanocomposite increased from 119 to 131 °
C with 0.5% of graphene and the storage modulus also improved by 60%.

The reduction of graphene oxide (GO) into graphene monolayer during in-situ
polymerization of Poly Vinyl alcohol (PVA) found to improve the tensile strength
and dynamic storage modulus and glass transition temperature significantly [113].
The addition of 0.5% GO improved the tensile strength of PVA/GO composite by
35% whereas the in-situ reduction of 0.5% GO into pure unfunctionalized graphene
enhanced the tensile strength by 212%. The increase in reinforcement was con-
firmed by the simultaneous increase in the glass transition temperature from 22.7 °
C for PVA to 27.2 °C for PVA/GO and 30.5 °C for PVA/Graphene composites.
The tremendous improvement in mechanical properties achieved at the low loading
level of graphene is explained based on the better dispersion, interaction of gra-
phene with the PVA molecules and presence of oxide moieties to certain extent.
Further investigation of PVA/GO and PVA/Graphene nanocomposites revealed that
the enhancement in mechanical properties is due to the presence of hydrogen
bonding between Graphene/GO moieties and PVA molecules [114]. Though GO

Fig. 21 Illustration for the preparation of graphene and PLA/graphene nanocomposites. The
graphite is oxidized by pressurized oxidization and then reduced to single-atom-thick graphene by
a multiplex reduction method. The graphene/PLA masterbatch (20% graphene) is prepared by
solvent blending from PLA and graphene in THF media. The ‘‘x’’ in ‘‘PLA/Graphene-x’’ is the
percentage of the graphene. The black sample is PLA/graphene-0.02 which contains 0.02%
graphene. Reprinted with permission from Ref. [110]
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forms more hydrogen bonds with PVA, the improvement in tensile properties found
to better in the case of Graphene/PVA composites due to higher mechanical
strength of Graphene/GO layers present.

The dispersion of 2% of graphene nanosheets (GNS) in Poly(butylenes succi-
nate) by solvent processing using chloroform as solvent followed by precipitation
using methanol had resulted in the enhancement of tensile strength by 21% and
storage modulus by 24% [115]. The experimental values were in agreement with
the theoretically predicted values for randomly oriented filler particles. The sig-
nificant enhancement is due to the better interaction between the PBS matrix and
graphene layers and reduced level of stacking of graphene sheets. The better
interaction has reduced the damping nature of the composites also. The in-situ
formation of polyimide chains in presence of isocyanate functionalized graphene
oxide particles dispersed in DMF found to enhance the modulus tremendously at
very low concentrations of graphene oxide [116]. The isocyanate functionalization
enhances the interaction between the nano particles and the matrix, which was
confirmed from the SEM images of tensile fractured surfaces. The incorporation of
graphene in low concentrations like 0.5 to 5% found to give remarkable increase in
the mechanical properties and the increase is isotropic in nature due to the smaller
size of the graphene layers. The advantage of Graphene is that the mechanical
properties of the polymer composite can be improved drastically by adding very
low quantity of Graphene particles, but the reproducibility seems to be difficult due
to the agglomeration effect. Hence, more research needs to be carried out to achieve
perfection in the development of graphene nanocomposites.

9 Hybrid Nanocomposites

The latest trend in the development of polymer nanocomposites is the development
of hybrid nanocomposites in which combination of two or more nano-sized fillers
or mixture of micro sized and nano-sized filler are incorporated into the polymer
matrix. The resulting nanocomposite has multi functionality and superior perfor-
mance. The incorporation of nano silica and MWNTs into epoxy polymer by
adopting suitable functionalization is one such development [117]. The nanopar-
ticles of silica were attached to MWCNT chemically by using 3-Glycidoxy propyl
triethoxy silane as coupling agent (Fig. 22). The addition of nano silica coupled
MWNTs into epoxy matrix were found to increase the tensile strength from
3270 ± 32 MPa for the neat epoxy to 3955 ± 58 MPa for the hybrid nanocom-
posite. The addition of 0.5% amino functionalized SWCNT to the carbon fibres was
found to increase the tensile strength by 10% in the carbon fibre reinforced epoxy
composites [118]. The presence of amino-functionalized SWCNTs found to inhibit
the interfacial cracking and delamination during the fatigue also due to the chemical
bonding with the fiber. The research in hybrid nanocomposites is gaining
momentum in recent years and has good potential for making multifunctional
composites.
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10 Conclusions

In this chapter, the recent research activities in the development of carbon-
containing polymer composites were reviewed with special emphasis on the effect
of various forms of micro- and nanometric carbon particles on the mechanical
properties. The use of carbon black as reinforcing filler is found to be the most
economic and easier method and this will continue for next few years until the
large-scale production of nanomaterials and nanocomposites attains reasonable
level of maturity. The advent of modern technologies in materials science research
has resulted in the discovery of newer forms of carbon in nanometric size. The
curiosity of researchers in the field of polymer technology has resulted in the
emergence of polymer nanocomposites containing nano-sized carbon particles like
fullerene, carbon nanofibres, carbon nanotubes, nano diamond particles, and gra-
phene. The extensive literature review shows that all these nano particles have great
potential for the development of multi functional lightweight polymer nanocom-
posites. However, the functionalization and dispersion of these nano particles in
bulk scale for industrial applications are yet to stabilize and are costlier. Hence, the
focus of next generation scientists should be on converting the lab-scale achieve-
ments into industrial scale applications in a cost effective manner. In this regard, the
preparation of semi aligned carbon nano fibres through the development of
electro-spun fibre mats of PAN is a promising method, to get high strength fibre
reinforced composites required for various engineering applications. Likewise, the
incorporation of carbon nano particles during the synthesis of raw polymers is
another interesting and potential method to get uniform dispersion of the nano
particles in the polymer matrix. This method can open up new vistas in the bulk
synthesis and supply of various synthetic rubbers used in tire and specialty rubber

Fig. 22 Schematic of MWNT-SiO2 preparation. Reprinted with permission from Ref. [117]
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components. The concept of hybrid nanocomposites can also be useful to get multi
scale reinforcement and multi functionality in the composites. The parallel studies
on the health hazards associated with the handling of various nano forms of Carbon
and safe disposal methods will give more value addition for these promising next
generation polymer-nanocarbon composites.

References

1. Donnet JB, Voet A, Dekker (1976) Carbon black, physics, chemistry, and elastomer
reinforcement. New York

2. White JL (1995) Rubber processing: technology, materials, and principles. Hanser
Publishers, Munich

3. Hajji P, David L, Gerard JF, Pascault JP, Vigier G (1999) Synthesis, structure, and
morphology of polymer–silica hybrid nanocomposites based on hydroxyethyl methacrylate.
J Polym Sci Part B Polym Phys 37(22):3172–3187

4. Park S J (1999). In: Hsu JP (ed) Interfacial forces and field: theory and applications, Dekker,
New York, p 385

5. Zhang Z, Zhang G, Li D, Liu Z, Chen X (1999) Chlorohydrin water-swellable rubber
compatibilized by an amphiphilic graft copolymer. II. Effects of PVA-g-PBA and CPA on
water-swelling behaviors. J Appl Polym Sci 74:3145–3152

6. Perez LD, Giraldo LF, Brostow W, Lopez B (2007) Poly (methyl acrylate) plus mesoporous
silica nanohybrids: mechanical and thermophysical properties. E-polymers, 29:324–334

7. Zhou XW, Zhu YF, Liang J (2007) Preparation and properties of powder styrene–butadiene
rubber composites filled with carbon black and carbon nanotubes. Mater Res Bull 42:456–
464

8. Ibarra L, Rodrıguez A, Mora I (2007) Ionic nanocomposites based on XNBR-OMg filled
with layered nanoclays. Eur Polym J 43:753–761

9. Miyagawa H, Drzal LT (2004) Thermo-physical and impact properties of epoxy
nanocomposites reinforced by single-wall carbon nanotubes. Polymer 45:5163–5170

10. Schadler LS, Giannaris SC, Ajayan PM (1999) Load transfer in carbon nanotube epoxy
composites. Appl Phys Lett 73:3842–3844

11. Bansal RC, Donnet JB, Stoeckli F (1988) Active carbon. Marcel Dekker, New York and
Basel

12. Wang MJ, Wolff S (1993) Carbon black science and technology. In: Donnet JB, Bansal RC,
Wang MJ (eds), Dekker, NewYork, p 229

13. Mather PJ, Thomas KM (1997) Carbon black/ high density polyethylene conducting
composite materials. J Mater Sci 32:401–407

14. Ghosh P, Chakrabarti A (2000) Conducting carbon black filled EPDM vulcanizates:
assessment of dependence of physical and mechanical properties and conducting character
on variation of filler loading. Eur Polym J 36:1043–1054

15. Katbab AA, Nazockdast H, Bazgir S (2000) Carbon black-reinforced dynamically cured
EPDM/PPThermoplastic elastomers. I. Morphology, rheology, and dynamic mechanical
properties. J Appl Polym Sci 75:1127–1137

16. Hwang J, Muth J, Ghosh T (2007) Electrical and mechanical properties of
carbon-black-filled, electrospun nanocomposite fiber webs. J Appl Polym Sci 104:2410–
2417

17. Liang JZ, Yang QQ (2009) Mechanical properties of carbon black-filled high-density
polyethylene antistatic composites. J Reinf Plasto Compos 28–3:295–304

152 K. Sasikumar et al.



18. Sau KP, Chaki TK, Khastgir D (1999) Electrical and mechanical properties of conduct-
ingcarbon black filled composites based on rubberand rubber blends. J Appl Polym Sci
71:887–895

19. King JA, Tucker KW, Vogt BD, Weber EH, Quan CL (1999) Electrically and thermally
conductive nylon 6,6. Polym Compos 20(5):643–654

20. Zheng G, Wu J, Wang W, Pan C (2004) Characterizations of expanded graphite/polymer
composites prepared by in situ polymerization. Carbon 42:2839–2847

21. Hontoria-Lucas C, Lopez-Peinado AJ, Lopez-Gonzalez JdD, Rojas-Cervantes ML,
Martın-Aranda RM (1995) Study of oxygen-containing groups in a series of graphite
oxides: physical and chemical characterization. Carbon 33:1585–1592

22. Lerf A, He H, Forster M, Klinowski J (1998) Structure of graphite oxide revisited. J Phys
Chem B 102:4477–4482

23. Etmimi HM, Tonge MP, Sanderson RD (2011) Synthesis and characterization of
polystyrene-graphite nanocomposites via surface RAFT-mediated miniemulsion polymer-
ization. J Polym Sci Part A Polym Chem 49:1621–1632

24. Cao NZ, Shen WC, Wen SZ, Liu YJ, Wang ZD, Inagaki M (1996) The factors influencing
the porous structure of expanded graphite. Mater Sci Eng (Chin) 14:22–26

25. Kalaitzidou K, Fukushima H, Drzal LT (2007) A new compounding method for exfoliated
graphite-polypropylene nanocomposites with enhanced flexural properties and lower
percolation threshold. Compos Sci Technol 67:2045–2051

26. Zheng W, Wong SC (2003) Electrical conductivity and dielectric properties of PMMA/
expanded graphite composites. Compos Sci Technol 63:225–235

27. Ganguli S, Roy AK, Anderson DP (2008) Improved thermal conductivity for chemically
functionalized exfoliated graphite/epoxy composites. Carbon 46:806–817

28. Yasmin A, Daniel IM (2004) Mechanical and thermal properties of graphite platelet/epoxy
composites. Polymer 45:8211–8219

29. Nierengarten J-F, Guttierez-Nava M, Zhang S, Masson P, Oswald L, Bourgogne C (2004)
Fullerene-containing macromolecules for materials science applications. Carbon 42:1077–
1083

30. Tayfun U, Kanbur Y, Abaci U, Guney HY, Bayramli E (2015) Mechanical, flow and
electrical properties of thermoplasticpolyurethane/fullerene composites: Effect of surface
modification offullerene. Compos Part B Eng 80:101–107

31. Rafiee MA, Yavari F, Rafiee J, Koratkar N (2011) Fullerene–epoxy
nanocomposites-enhanced mechanicalproperties at low nanofiller loading. J Nanopart Res
13:733–737

32. Pikhurov DV, Zuev VV (2013) The effect of Fullerene C60 on the mechanical and
dielectrical behavior of epoxy resins at low loading. Nanosyst Phys Chem Math 4(6):834–
843

33. Okonkwo AO, Jagadale P, Herrera JEG, Hadjiev VG, Saldana JM, Tagliaferro A,
Hernandez FCR (2015) High-toughness/low-friction ductile epoxy coatings reinforced with
carbon nanostructures. Polym Test 47:113–119

34. Pikhurov DV, Zuev VV (2016) The study of mechanical and tribological performance of
fulleroid materials filled PA6 composites. Lubricants 4:13

35. Calleja FJB, Giri L (1996) Structure and mechanical properties ofpolyethylene-fullerene
composites. J Mater Sci 31:5153–5157

36. Ogasawara T, Ishida Y, Kasai T (2009) Mechanical properties of carbon fiber/
fullerene-dispersed epoxy composites. Compos Sci Technol 69:2002–2007

37. Mochalin VN, Shenderova O, Ho D, Gogotsi Y (2012) The properties and applications of
nanodiamonds. Nat Nanotechnol 7(1):11–23

38. Shenderova O, Tyler T, Cunningham G, Ray M, Walsh J, Casulli M, Hens S, McGuire G,
Kuznetsov V, Lipa S (2007) Nanodiamond and onion-like carbon polymer nanocomposites.
Diam Relat Mater 16:1213–1217

39. Shenderova OA, Gruen DM (2006) Ultrananocrystalline diamond: synthesis, properties and
applications. William Andrew Publishing, New York

Mechanical Properties of Carbon-Containing Polymer Composites 153



40. Chou CC, Lee SH (2010) Tribological behavior of nanodiamond-dispersed lubricants on
carbon steels and aluminium alloy. Wear 269:757–762

41. Osswald S, Yushin G, Mochalin V, Kucheyev SO, Gogotsi Y (2006) Control of sp2/sp3

carbon ratio and surface chemistry of nanodiamond powders by selective oxidation in air.
J Am Chem Soc 128(35):11635–11642

42. Osswald S, Havel M, Mochalin V, Yushin G, Gogotsi Y (2008) Increase of nano diamond
crystal size by selective oxidation. Diamond Relat Mater 17(7–10):1122–1126

43. Steenackers M, Lud SQ, Niedermeier M, Bruno P, Gruen DM, Feulner P, Stutzmann M,
Garrido JA, Jordan R (2007) Structured polymer grafts on diamond. J Am Chem Soc
129:15655–15661

44. Zhao YQ, Lau KT, Kim JK, Xu CL, Zhao DD, Li HL (2010) Nanodiamond/poly (lactic
acid) nanocomposites: effect of nanodiamond on structure and properties of poly (lactic
acid). Compos Part B Eng 41:646–653

45. Barnard AS, Sternberg M (2007) Crystallinity and surface electrostatics of diamond
nanocrystals. J Mater Chem 17(45):4811–4819

46. Krüger A, Kataoka F, Ozawa M, Fujino T, Suzuki Y, Aleksenskii AE (2005) Unusually tight
aggregation in detonation nanodiamond: identification and disintegration. Carbon 43
(8):1722–1730

47. Behler KD, Stravato A, Mochalin V, Korneva G, Yushin G, Gogotsi Y (2009)
Nanodiamond-polymer composite fibers and coatings. ACS Nano 3–2:363–369

48. Roumeli E, Pavlidou E, Avgeropoulos A, Vourlias G, Bikiaris DN, Chrissafis K (2014)
Factors controlling the enhanced mechanical and thermal properties of
nanodiamond-reinforced cross-linked high density polyethylene. J Phys Chem B
118:11341–11352

49. Zhang Q, Naito K, Tanaka Y, Kagawa Y (2008) Grafting polyimides from nanodiamonds.
Macromolecules 41:536–538

50. Morimune S, Kotera M, Nishino T, Goto K, Hata K (2011) Poly(vinyl alcohol)
nanocomposites with nanodiamond. Macromolecules 44:4415–4421

51. Zhai YJ, Wang ZC, Huang W, Huang JJ, Wang YY, Zhao YQ (2011) Improved mechanical
properties of epoxy reinforced by low content nano diamond powder. Mat Sci Eng A Struct
528:7295–7300

52. Guo H, Sheng H, Peng X, Yu X, Naito K, Qu X, Zhang Q (2014) Preparation and
mechanical properties of epoxy/diamond nanocomposites. Polym Compos 35:2144–2149

53. Neitzel I, Mochalin V, Knoke I, Palmese GR, Gogotsi Y (2011) Mechanical properties of
epoxy composites with high contents of nanodiamond. Compos Sci Technol 71:710–716

54. Zhou ZP (2009) Development of carbon nanofibers from aligned electrospun polyacryloni-
trile nanofiber bundles and characterization of their microstructural, electrical, and
mechanical properties. Polymer 50(13):2999–3006

55. Ma H, Zeng J, Mary LR, Kumar S, Schiraldi DA (2003) Processing, structure, and properties
of fibers from polyester/carbon nanofiber composites. Compos Sci Technol 63:1617–1628

56. Tong X, Chen Y, Cheng H (2005) Influence of carbon nanofiber addition on mechanical
properties and crystallization behavior of polypropylene. J Mater Sci Technol 21(5):686–690

57. Park JH, Lee SC (2016) Crystallization kinetics and mechanical properties of poly(lactic
acid)/carbon nanofiber composites. Text Sci Eng 53:55–61

58. Bal S (2010) Experimental study of mechanical and electrical properties of carbon nanofiber/
epoxy composites. J Mater Des 31(5):2406–2413. https://doi.org/10.1016/j.matdes.2009.11.
058

59. Lafdi K, Fox W, Matzek M, Yildiz E (2008) Effect of carbon nanofiber-matrix adhesion on
polymeric nanocomposite properties—Part II. J Nano mater, Article ID 310126, p 8. https://
doi.org/10.1155/2008/310126

60. Danni N, Sasikumar T (2016) Characterization of electrospun carbon nanofiber mat
reinforced polymer composites using ultra-sonic scanning method. Dig J Nanomater
Biostruct 11(1):141–148

154 K. Sasikumar et al.

http://dx.doi.org/10.1016/j.matdes.2009.11.058
http://dx.doi.org/10.1016/j.matdes.2009.11.058
http://dx.doi.org/10.1155/2008/310126
http://dx.doi.org/10.1155/2008/310126


61. Zhang D, Zhao Y, Cabrera E, Zhao Z, Castro JM, Lee LJ (2016) Improved sand erosion
resistance and mechanical properties of multifunctional carbon nanofiber nanopaper
enhanced glass fiber/epoxy composites. SPE ANTEC Indianap, 411–415

62. Al-Saleh MH, Sundararaj U (2009) A review of vapor grown carbon nanofiber/polymer
conductivecomposites. Carbon 47:2–22

63. Kingsuk M, Dipiti P, Dhannu L, Kanik R, Gyanesh NM (2004) Synthesis of coiled/straight
carbon nanofibers by catalystic chemical vapor deposition. Carbon 42:3251–3272

64. Khattab A, Liu C, Chirdon W, Hebert C (2012) Mechanical and thermal characterization of
carbon nanofiber reinforced low-density polyethylene composites. J Thermoplast Compos
26(7):954–967

65. Guadagno L, Raimondo M, Vittoria V, Vertuccio L, Lafdi K, De VB, Lamberti P,
Spinelli G, Tucci V (2013) The role of carbon nanofiber defects onthe electrical and
mechanical properties of CNF-based resins. Nanotechnology 24:305704

66. Dhakate SR, Chaudhary A, Gupta A, Pathak AK, Singh BP, Subhedara KM, Yokozekib T
(2016) Excellent mechanical properties of carbon fiber semi-aligned electrospun carbon
nanofiber hybrid polymer composites. RSC Adv 6:36715–36722

67. Meyyappan M (2005) Carbon nanotube: science and applications. CRC Press, Florida
68. O’Connell MJ (ed) (2006) Carbon nanotubes—properties and applications. Taylor and

Francis, Boca Raton
69. Wong EW, Sheehan PE, Lieber CM (1997) Nanobeam mechanics: elasticity, strength, and

toughness of nanorods and nanotubes. Science 277:1971–1975
70. Dresselhaus MS, Dresselhaus G, Eklund PC (1996) Science of fullerenes and carbon

nanotubes. Academic Press, San Diego
71. Yu MF, Lourie O, Dyer M, Moloni K, Kelly TF, Ruoff RS (2000) Strength and breaking

mechanism of multi-walled carbon nanotubes under tensile load”. Science 287:637–639
72. Lau KT, Hui D (2002) The revolutionary creation of new advanced materials—carbon

nanotube composites. Compos Part B Eng 33:263–277
73. Rahul MC, Ghassemieh E (2012) Optimized process for the inclusion of carbon nanotubes in

elastomers with improved thermal and mechanical properties. J Appl Polym Sci 124:4993–
5001

74. Bokobza L (2012) Multiwall carbon nanotube-filled natural rubber: electrical and
mechanical properties. Express Polym Lett 6(3):213–223

75. Wang W, Ciselli P, Kuznetsov E, Peijs T, Barber AH (2008) Effective reinforcement in
carbon nanotube–polymer composites. Philos Trans R Soc A 366:1613–1626

76. Kim MT, Park H, Hui D, Rhee KY (2011) Carbon nanotube modification using gum arabic
and its effect on the dispersion and tensile properties of carbon nanotubes/epoxy
nanocomposites. J Nanosci Nanotechnol 11:7369–7373

77. Tugrul Seyhan A, Gojny FH, Tanoglu M, Schulte K (2007) Critical aspects related to
processing of carbon nanotube/unsaturated thermoset polyester nanocomposites. Eur
Polym J 43:374–379

78. Jagtap BS, Ratna D (2013) Novel method of dispersion of multiwalled carbon nanotubes in a
flexible epoxy matrix. J Appl Polym Sci 130:2610–2618

79. Xiao KQ, Zhang LC, Zarudi I (2007) Mechanical and rheological properties of carbon
nanotube-reinforced polyethylene composites. Compos Sci Technol 67:177–182

80. Basuli U, Chaki TK, Chattopadhyay S, Sabharwal S (2010) Thermal and mechanical
properties of polymer-nanocomposites based on ethylene methyl acrylate and multiwalled
carbon nanotube. Polym Compos 31:1168–1178

81. Chou WJ, Wang CC, Chen CY (2008) Characteristics of polyimide-based nanocomposites
containing plasma-modified multi-walled carbon nanotubes. Compos Sci Technol 68:2208–
2213

82. Das A, Stockelhuber KW, Jurk R, Saphiannikova M, Fritzsche J, Lorenz H, Kluppel M,
Heinrich G (2008) Modified and unmodified multiwalled carbon nanotubes in high
performance solution-styrene–butadiene and butadiene rubber blends. Polymer 49:5276–
5283

Mechanical Properties of Carbon-Containing Polymer Composites 155



83. Yang K, Gu M, Guo Y, Pan X, Mu G (2009) Effects of carbon nanotube functionalization on
the mechanical and thermal properties of epoxy composites. Carbon 47:1723–1737

84. Kim JA, GiSeong D, Kang TJ, Youn JR (2006) Effects of surface modification on
rheological and mechanical properties of CNT/epoxy composites. Carbon 44:1898–1905

85. Jiang X, Bin Y, Matsuo M (2005) Electrical and mechanical properties of polyimide–carbon
nanotubescomposites fabricated by in situ polymerization. Polymer 46:7418–7424

86. Guo P, Chen X, Gao X, Song H, Shen H (2007) Fabrication and mechanical properties of
well-dispersed multiwalled carbon nanotubes/epoxy composites. Compos Sci Technol
67:3331–3337

87. Yu A, Hu H, Bekyarova E, Itkis ME, Gao J, Zhao B, Haddon RC (2006) Incorporation of
highly dispersed single-walled carbon nanotubes in a polyimide matrix. Compos Sci
Technol 66:1190–1197

88. Gojny FH, Schulte K (2004) Functionalisation effect on the thermo-mechanical behavior of
multi-wall carbon nanotube/epoxy-composites. Compos Sci Technol 64:2303–2308

89. Gojny FH, Wichmann MHG, Fiedler B, Schulte K (2005) Influence of different carbon
nanotubes on the mechanical properties of epoxy matrix composites—a comparative study.
Compos Sci Technol 65:2300–2313

90. Jiang Q, Wang X, Zhu Y, Hui D, Qiu Y (2014) Mechanical, electrical and thermal properties
of aligned carbon nanotube/polyimide composites. Compos Part B Eng 56:408–412

91. Meincke O, Kaempfer D, Weickmann H, Friedrich C, Vathauer M, Warth H (2004)
Mechanical properties and electrical conductivity of carbon-nanotube filled polyamide-6 and
its blends with acrylonitrile/butadiene/styrene. Polymer 45:739–748

92. Frogley MD, Ravich D, Wagner HD (2003) Mechanical properties of carbon
nanoparticle-reinforced elastomers. Compos Sci Technol 63:1647–1654

93. Sahoo BP, Naskar K, Tripathy DK (2016) Multiwalled carbon nanotube-filled ethylene
acrylic elastomer nanocomposites: influence of ionic liquids on the mechanical, dynamic
mechanical, and dielectric properties. Polym Compos 37:2568–2580

94. Poikelispaa M, Das A, Dierkes W, Vuorinen J (2013) The effect of partial replacement of
carbon black by carbon nanotubes on the properties of natural rubber/butadiene rubber
compound. J Appl Polym Sci 130:3153–3160

95. Sasikumar K, Manoj NR, Mukundan T, Khastgir D (2014) Design of XNBR nanocom-
posites for underwater acoustic sensor applications: effect of MWNT on dynamic
mechanical properties and morphology. J Appl Polym Sci 131:40752

96. Kuan HC, Ma C-CM, Chang W-P, Yuen S-M, Wu H-H, Lee T-M (2005) Synthesis, thermal,
mechanical and rheological properties of multiwall carbon nanotube/waterborne polyur-
ethane nanocomposite. Compos Sci Technol. 65:1703–1710

97. Lopez MMA, Valentini L, Biagiotti J, Kenny JM (2005) Thermal and mechanical properties
of single-walled carbon nanotubes–polypropylene composites prepared by melt processing.
Carbon 43:1499–1505

98. Guth E, Gold O (1938) On the hydro dynamical theory of the viscosity of suspensions. Phys
Rev 53:322–325

99. Smallwood HM (1944) Limiting law of the reinforcement of rubber. J Appl Phys 15:758–
766

100. Geim AK, Novoselov KS (2007) The rise of graphene. Nat Mater 6:183–191
101. Chen JY, Wen YG, Guo YL, Wu B, Huang LP, Xue YZ, Geng DC, Wang D, Yu G, Liu YQ

(2011) Oxygen-aided synthesis of polycrystalline graphene on silicon dioxide substrates.
J Am Chem Soc 133:17548–17551

102. Singh V, Joung D, Zhai L, Das S, Khondaker SI, Seal S (2011) Graphene based materials:
past, present and future. Prog Mater Sci 56:1178–1271

103. Dragoman D, Dragoman M (2007) Negative differential resistance of electrons in graphene
barrier. Appl Phys Lett 90:203116

104. Choi W, Lahiri I, Seelaboyina R, Kang YS (2010) Synthesis of graphene and its
applications: a review. Crit Rev Solid State 35(1):52–71

156 K. Sasikumar et al.



105. Zhao X, Zhang QH, Chen DJ, Lu P (2010) Enhanced mechanical properties of
graphene-based poly (vinyl alcohol) composites. Macromolecules 43:2357–2363

106. Novoselov KS, Geim AK, Morozov SV, Jiang D, Zhang Y, Dubonos SV, Grigorieva IV,
FirsovA A (2004) Electric field effect in atomically thin carbon films. Science 5696:666–669

107. Wu H, Zhao W, Hu H, Chen G (2011) One-step in situ ball milling synthesis of
polymer-functionalized graphene nanocomposites. J Mater Chem 21:8626–8632

108. Su Q, Pang SP, Alijani V, Li C, Feng XL, Mullen K (2009) Composites of graphene with
large aromatic molecules. Adv Mater 21:3191–3195

109. Kim H, Kobayashi S, AbdurRahim MA, Zhang MLJ, Khusainova A, Hillmyer MA,
Abdala AA, Macosko CW (2011) Graphite oxide, graphene, and metal-loaded graphene for
fire safety applications of polystyrene. Polymer 52:1837–1846

110. Bao C, Song L, Xing W, Yuan B, Wilkie CA, Huang J, Guo Y, Hu Y (2012) Preparation of
graphene by pressurized oxidation and multiplex reduction and its polymer nanocomposites
by masterbatch-based melt blending. J Mater Chem 22:6088–6096

111. Xu Z, Gao C (2010) In situ polymerization approach to graphene-reinforced nylon-6
composites. Macromolecules 43:6716–6723

112. Pramoda KP, Hussain H, Koh HM, Tan HR, He CB (2010) Covalent bonded
polymer-graphene nanocomposites. J Polym Sci Part A Polym Chem 48:4262–4267

113. Wang J, Wang X, Xu C, Zhang M, Shang X (2011) Preparation of graphene/poly(vinyl
alcohol) nanocomposites with enhanced mechanical properties and water resistance. Polym
Int 60:816–822

114. Bao C, Guo Y, Song L, Hu Y (2011) Poly(vinyl alcohol) nanocomposites based on graphene
and graphite oxide: a comparative investigation of property and mechanism. J Mater Chem
21:13942–13950

115. Wang X, Yang H, Song L, Hu Y, Xing W, Lu H (2011) Morphology, mechanical and
thermal properties of graphene-reinforced poly(butylene succinate) nanocomposites.
Compos Sci Technol 72:1–6

116. Luong ND, Hippi U, Korhonen JT, Soininen AJ, Ruokolainen J, Johansson LS, Nam JD,
Sinh LH, Seppälä J (2011) Enhanced mechanical and electrical properties of polyimide film
by graphene sheets via in situ polymerization. Polymer 52:5237–5242

117. Jia X, Liu B, Huang L, Hui D, Yang X (2013) Numerical analysis of synergistic reinforcing
effect of silica nanoparticle–MWCNT hybrid on epoxy-based composites. Compos Part B
Eng 54:133–137

118. Davis DC, Wilkerson JW, Zhu J, Hadjiev VG (2011) A strategy for improving mechanical
properties of a fiber reinforced epoxy composite using functionalized carbon nanotubes.
Compos Sci Technol 71(8):1089–1097

Mechanical Properties of Carbon-Containing Polymer Composites 157



Electrical Conductivity of Polymer–
Carbon Composites: Effects of Different
Factors

Mostafizur Rahaman, Ali Aldalbahi, Lalatendu Nayak
and Radhashyam Giri

Abstract In this chapter, the electrical conductivity/resistivity of polymer–carbon
composites has been discussed in detail. The types of electrical resistivity and their
measurement procedure have been depicted pictorially. The electrical conductivity
of different carbon materials like diamond, graphite, fullerene, carbon fiber, carbon
black, carbon nanotubes, and graphene are noted and discussed. The different
techniques of preparation/processing of conducting polymer/carbon composites are
mentioned here within short. Moreover, how the geometry/structure of different
carbons controls the electrical conductivity of polymer composites has been criti-
cally reviewed. The electrical percolation threshold and the conductivity of
polymer/carbon composites that depends on many physical and chemical factors are
investigated from different literature sources and reported in this chapter.
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1 Introduction

1.1 Polymers on the Basis of Electrical Property

On the basis of electrical property, polymers are classified into three groups;
electrically insulator, semiconductor, and conductor. Most of the polymers are
inherently insulating in nature due to the nonavailability of delocalized electrons or
holes in their backbone chain. However, with the technological revolution, the
needs for electrically conducting polymers have gained a significant importance due
to their various applications in the electrical and electronic industry [1–5].
Electrically conducting polymers are of three types; intrinsically/inherently con-
ducting polymers, extrinsically conducting polymers also known as conducting
polymer composites, and ionically conducting polymers.

1.2 Intrinsically Conducting Polymers

Intrinsically conducting organic polymers possess similar electrical, electronic, and
magnetic properties to that of metals and are commonly known as synthetic metals
[6]. The development of these intrinsic conducting polymers has become a
promising field of research since the discovery of polyacetylene in 1977 by Alan J
Heeger and his co-workers [7], for which they got the Nobel Prize in Chemistry,
2000. Some known intrinsically conducting polymers are polyacetylene, polyani-
line, polypyrrole, polythiophene, poly (phenylene), poly (phenylene vinylene), etc.
These conducting polymers are having delocalized p electrons in their main chain
backbone. The essential characteristics of these polymers are their relatively small p
electronic band gap (*1–3.5 eV) with corresponding low excitation energy; they
can be easily oxidized or reduced using different dopant species; the mobility of the
charged particles are high enough in their conductive state and the presence of
quasiparticles, which move relatively more freely through the materials [8, 9]. The
main disadvantages associated with these intrinsically conducting polymers are
their processibility [10–13]. These polymers are insoluble in most of the solvents,
infusible in nature, and mechanically very stiff. Thus, these polymers cannot be
applied to those cases where some degree of flexibility and mechanical property are
required.

1.3 Extrinsically Conducting Polymers

Extrinsically conducting polymer composite is prepared through the incorporation
of different conducting fillers into an insulating polymer matrix. Generally, carbon
black [14, 15], carbon fiber [16–19], carbon nanotubes [20–24], graphite [25],
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coke [26], metal-coated oxide [27], nonoxidizing metal powders/fibers like silver
[28], aluminum [29], steel [30], iron [31, 32], copper [33], nickel and nickel-coated
glass fibers [34, 35], and particles of conducting polymers [36, 37], etc., are used as
conducting filler in insulating polymer matrix. In the present study, we will confine
our discussion on the extrinsic conductive polymer.

1.4 Conductivity Mechanism

The mechanism of electrical conductivity, in general, can be carried by electrons, or
through ionic transport. In the case of metallic conductors and semiconductors,
electrons act as charge carriers, while in the case of ionic compounds such as
sodium chloride, the conduction role is played by ions. Electronic transport depends
on factors such as atomic bond strength and lattice imperfections, while ion
transport is governed by ion diffusion rates [38]. Figure 1 shows this transport
mechanism for three classes of conductors: metals, semiconductors, and ionic
compounds. Metallic conductors have a “sea” of free electrons, one associated with
affecting this conductivity such as temperature and type of metal [38, 39].
Semiconductors have a band gap in their density of states and hence, can alternate
between insulating and conducting depending on the input voltage. Ionic conduc-
tivity is the movement of an ion from one site to another in the crystal lattice; it is
dependent upon the concentration and presence of defects [40].

2 Different Types of Electrical Resistivity/Conductivity
and Their Measurements

The electrical resistivity is a fundamental property of any insulating or conducting
materials. Depending upon the application point of views, the electrical resistivity is
of three types namely surface resistivity, volume/bulk resistivity, and contact
resistivity. The resistivity of an insulating material is measured according to

Fig. 1 The mechanism of electrical conductivity. a Valence electrons in metals flow easily, hence
metals are good conductors. b Covalent bonds are disrupted in semiconductors, hence they are
poorer conductors. c Ion diffusion is the charge carrying mechanism for ionic compounds.
Reproduced from Ref. [38]
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standard ASTM D 257-99 [41]. The electrical resistance of a material is measured
by using Ohm’s law, where a known voltage is passed through the material and the
resultant current passing through the material is noted down. The resistivity is
calculated from this resistance value depending upon the physical dimension of the
test sample.

2.1 Surface Resistance and Resistivity

The definition of surface resistance and surface resistivity has been mentioned in
many standards and books [41–44]. Surface resistance is defined as the ratio of DC
voltage to the current flowing between two electrodes, where the electrodes are of
specified configuration and are in contact with the same surface of the test sample
(Fig. 2). In surface resistance measurement, the input is voltage and the output is
current (Fig. 3). Mathematically, it can be expressed as (Eq. 1):

Rs ¼ V=I ð1Þ

where Rs is the surface resistance of the material, V is the applied DC voltage and
I is the resultant current passed through the sample.

Surface resistivity (qs) is defined as (Eq. 2):

qs ¼ Ks Rs ð2Þ

where Ks = P/L. P is the effective perimeter of the guarded electrode in mm and L is
the distance between the guarded electrode and the ring electrode in mm. The
dimension L is determined from Fig. 3, that is, L = (D2 – D1)/2. The magnitude of
P for the circular electrode is pD0, where D0 = D1 + L as determined from Fig. 4.

Fig. 2 Placement of
electrodes on the same side of
material for surface resistance
measurement
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The surface resistance depends on the characteristics of the material and the
geometry of electrodes used during the measurement technique. The unit of elec-
trical resistance/surface resistance is Ohm. However, the calculated physical unit of

Fig. 3 Technique for the measurement of surface resistance

Fig. 4 Dimension of the circular electrode
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surface resistivity is also Ohm. Thus, the unit of surface resistance and surface
resistivity is mixed up and makes confusion. Hence, to avoid any confusion, the
unit of surface resistivity is often mentioned as Ohm/square, though it is not valid
on the dimensional point of views.

Theoretically, it is assumed that during the measurement of surface resistance/
resistivity of any material, the current flows only along the surface of the material
and do not penetrate into the bulk of the material. But in reality, it is not true
because a portion of the current always flows through the material. However, to
study the surface property of different materials, it has been assumed that the
surface current flows through the infinitesimally thin layer of the surface and this
layer is so thin that its thickness can be neglected.

2.2 Volume/Bulk Resistance and Resistivity

Volume resistivity of a material is defined as its electrical resistance, when the
current flow through a cube of that material. It is measured by applying a voltage
across the opposite faces/sides of the material and measuring the resultant current
flows through the materials as shown in Fig. 5. Mathematically, it is given as
(Eq. 3):

qv ¼ Kv � Rvð Þ=T ð3Þ

where qv is the volume resistivity, Kv is the effective area of the guarded electrode,
Rv is the volume resistance in Ohm (V/I), and T is the thickness of the sample in
mm. For circular electrode (Eq. 4):

Fig. 5 Measurement technique of volume resistivity
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Kv ¼ p D1=2þB � L=2ð Þ2 ð4Þ

where D1 is the outer diameter of the guarded electrode, L is the distance between
the guarded electrode and ring electrode, and B is the effective area coefficient. The
dimension D1 and L can be calculated from Fig. 5. For the effective area, coefficient
B for the measurement of volume resistivity is typically used as 0.

2.3 Contact Resistance and Resistivity

Contact is a necessary part of many electrical and electronic devices. So it is
necessary to measure the contact resistance to get an idea that how it affects the
performance of the devices. The contact resistance of a resistor can be measured by
the extension of the resistance measurement technique. The measurement can be
done by considering the geometry of a simple resistor as shown in Fig. 6. The
resistor consists of a semiconducting material in contact with two metals at the end.
The length of the material is L and the contact area at its metal interface is Ac. Thus,
the total resistance can be given as (Eq. 5):

RT ¼ 2Rm þ 2Rc þRsemi ð5Þ

where RT is the total resistance of the resistor, Rm is the resistance of the metal, Rc is
the contact resistance in between metal and semiconducting interface, and Rsemi is
the resistance of semiconducting materials. In most of the situations, the resistivity
of metal in contact is very low compared to the semiconducting material, that is
Rm � Rc, hence Rm can be neglected. So, the above equation can be written as
(Eq. 6):

RT ¼ 2Rc þRsemi ð6Þ

The resistance of semiconducting material can be written as Rsemi = Rs * L/W,
where Rs is the sheet resistivity and W is the area of the sheet. Hence, the above
equation can be written as (Eq. 7):

RT ¼ Rs � Lð Þ=W þ 2Rc ð7Þ

Fig. 6 Geometry of a simple
resistor
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If we take the resistor of different lengths keeping all other parameters as con-
stant, then the above equation will be the equation of the straight line with intercept
2Rc and slope Rs/W. Hence, RT can be plotted against L as shown in Fig. 7. The
value of total resistance RT for each length of the resistor can be measured from the
instrument. The contact resistance and resistor sheet resistivity can be calculated
from the intercept and slope of the fitted straight line, respectively.

The contact resistance of any resistor depends on its contact area, and hence, on
comparison point of view, it is not logical. Hence, it is better to define the term
contact resistivity. To calculate the contact resistivity, we can consider a small
region of contact with thickness Dx as shown in Fig. 8. Thus, the contact resistance
by considering the contact thickness Dx can be given as (Eq. 8):

Rc ¼ q0c � Dx=Acð Þ ð8Þ

where Ac is the area of contact and qʹc is the contact resistivity when contact
thickness is Dx. But, in reality, the thickness of contact is very small and can be
considered that it tends to zero. In this respect, the contact resistivity can be given as
(Eq. 9):

qc ¼ lim q0c � Dx
� � ¼ Rc � Ac

Dx ! 0
ð9Þ

So, the contact resistance has the unit of X cm2.

Fig. 7 Plot of RT against L
for contact ratio measurement
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2.4 Van der Pauw Technique for Resistivity Measurement

This four probes technique is used to measure the resistivity of a sample of any
arbitrary shape [45–47]. The sample should be flat with uniform thickness, free
from any isolated hole, homogeneous in composition and isotopic/symmetrical. The
four contacts must be located at the perimeter of the sample and the area of any
individual contact should be one order of magnitude smaller than the area of the
sample for the accuracy of the measurement. The sample with their four contacts is
shown in Fig. 9, where the contacts are numbered as 1, 2, 3, and 4. To measure the
resistance, current is passed through the one edge of the sample and the voltage
drop is measured across its opposite edge. The measurement procedure is improved
by reciprocal measurement and reverse polarity measurement, where the effect of
offset voltage such as thermoelectric potential is canceled out by taking total eight
measurements as shown in Fig. 9. Four measurements are taken in a horizontal
position and the rest four measurements are taken in the vertical position. The
resistance is calculated from the relation R = V/I. Hence, the average resistance in
the horizontal position (Rh) and vertical position (Rv) are
Rh = (R1 + R2 + R5 + R6)/4 and Rv = (R3 + R4 + R7 + R8)/4, respectively. Thus,
the sheet resistance (Rs) is calculated using the Van der Pauw formula (Eq. 10):

Exp �pRh=Rsð ÞþExp �pRv=Rsð Þ ¼ 1 ð10Þ

A numerical method is applied to calculate the sheet resistance value. The
resistivity (q) is then calculated from the relation q = Rs * t, where t is the thickness
of the sample.

Fig. 8 Small contact region
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3 Preparation Methods of Conductive Polymer
Composites

Available literature reveal that conductive polymer composites can be prepared by
several methods. These methodologies depend mainly on the types of polymer,
their initial form, and the nature of conductive fillers. Different preparation tech-
niques for polymer/carbon composites are melt mixing technique, solution mixing
technique, dry mixing technique, powder mixing technique, aqueous mixing
technique, etc. The details of the processing techniques are discussed in Chap. 3.

4 Percolation Theory

It has been mentioned earlier that most of the polymers are mostly insulating in
nature. The electrical conductivity of these polymers is due to the addition of
conductive filler into the system. The conductivity of this type of system increases
drastically at a particular concentration of filler known as percolation threshold.
Below this percolation threshold, the conductive system is considered an insulator
where the conductive particles are separated from each other in the polymer matrix.
At percolation concentration, the filler particles contact each other and continuous
conducting networks are formed. The behavior of electrical resistivity with respect
to filler concentration has been shown in Fig. 10. Many models and equations have
been proposed to understand the behavior of the percolation threshold.

Fig. 9 Van der Pauw resistance configurations
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The electrical percolation threshold of DC conductivity is predicted from the
scaling/power law equation [48, 49]. This can be written as (Eq. 11).

rdc ¼ k vf�vfcð Þt for vf [ vfc ð11Þ

where k is a constant quantity known as a pre-exponential factor, rdc is DC con-
ductivity of composite; vf is volume fraction of filler, vfc is volume fraction of filler
at critical concentration/percolation threshold, and t is a critical exponent. The plot
of log r against log (vf – vfc) according to the power law equation should be a
straight line. The value of critical exponent t is obtained from the slope of the
straight line and the value of pre-exponential factor k is obtained from the intercept.
The value of k depends on the conductivity of the fillers, their contact resistance,
and the network topology [50], whereas, the value of t depends on the connectivity
of the system. The universal value of t for two and three dimensions (2D and 3D)
composite systems are �1.33 and �2, respectively [51, 52]. However, considerable
variation in the experimental value of critical exponent has been observed as have
been reported in many literature [48, 49]. The electrical percolation threshold of
polymer carbon composites depend on many factors and some of these are men-
tioned herewith.

Tchoudakov et al. [53] reported the electrical behavior of polypropylene/CB and
nylon/CB composites prepared through melt mixing technique. The percolation
threshold for PP composites was 2.4 phr, while for nylon composite it was more
than 13 phr. This large difference in the percolation threshold is due to the differ-
ences in interface energy between PP/CB and nylon/CB composites. Nylon is
having better interaction with CB compared to PP. This leads to better dispersion of
CB particles within the nylon matrix, which impede in the formation of aggregated
structure. Thus, a higher amount of CB is required to reach percolation threshold.
A variety of work had been reported on conductive composites prepared through

Fig. 10 Behavior of
electrical resistivity with
respect to filler concentration
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melt mixing technique, where percolation threshold ranges from 2 to 27 vol.% [54–
58]. This wide difference in percolation threshold had been attributed to polymer
crystallinity and surface energy that largely influence the conductive network
formation.

Percolation behavior of CB in epoxy resin was investigated by Schueler et al.
[59]. They observed that the Coulombic force between the CB particles acted as a
potential barrier that hindered in the formation of agglomeration structure in the
liquid polymer. To overcome this, they applied external shear force before curing
and added some salt to increase the ionic strength which accelerates the formation
of agglomeration leading to a lower value of the percolation threshold. It has been
mentioned that the percolation threshold was reduced to 0.06 vol.% of CB by the
addition of chlorine–methanol solution with the maximum conductivity near
0.001 S/cm. Investigation on epoxy-based conductive composites was reported in
the literature [60–62]. Some literature also reveal that composites made from
solution mixing technique exhibited percolation threshold in the range 0.9–3 vol.%
[63, 64].

The effect of crystallinity on the percolation threshold was reported on CB-filled
PP and ethylene octane copolymer by Huang [65]. The crystallinity of PP and
ethylene octane copolymer was 80% and 10–15%, respectively. As the CB cannot
reside in the crystalline region, the percolation threshold for PP was found to be 2
vol.%; whereas, for ethylene octane copolymer it was found to be 7 vol.%. The
effect of crystallinity on the percolation threshold was also investigated by several
other researchers [53, 54, 66].

The percolation threshold is also influenced by the molecular weight of the
polymer matrix. The percolation behavior of CB-filled composite with different
polymer molecular weights was reported by Sumita et al. [56]. They concluded that
the problem of dispersion increases with an increase in molecular weight, which
leads to higher percolation threshold for the higher molecular weight of the poly-
mer. The effect of melt flow index on three different EVAs was investigated by
Huang and Wu [67]. They had reported that a higher melt flow index with higher
crystallinity reduced the percolation threshold.

5 Effect of Different Factors on Electrical Conductivity
of Polymer Composites

Electrically conductive composites can be made by incorporating of different
conducting fillers in an insulating polymer matrix. However, the different electrical
properties of these composites depend on the nature and type of polymer and filler,
blend composition, filler concentration, filler dispersion, processing parameter,
temperature, etc. The AC electrical conductivity is greatly affected by the frequency
of the applied electrical field.
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5.1 Types of Fillers

Different types of natural and synthetic carbon materials are available in the market
such as diamond, fullerene molecules, graphite, carbon blacks, carbon fibers,
nanotubes, graphene, etc. In the extrinsically conductive composites, where these
conductive additives are incorporated into suitable polymer matrices, the types of
these conductive fillers affect the electrical conductivity of such composites.

5.1.1 Diamond

In diamond, each carbon atom is bonded with other four carbon atoms by a strong
sp3 covalent bond as shown in Fig. 11. As there is no conjugated double bond in
the backbone of diamond, so its electrical conductivity is very low because all the
electrons in diamond are localized and there is no electron present for conduction of
electricity. However, the diamond can be made electrically conductive by using
dopants. The electrical conductivity of undoped and doped diamond falls in the
range 10−16–10−2 S/cm with a band gap 1–4 eV [68]. SEM image of the diamond
film is shown in Fig. 12 [69].

5.1.2 Fullerene

Fullerene molecule C60 is having hexagonal and pentagonal carbon ring in its
chemical structure (Fig. 13). The number of hexagonal rings is 20 and the

Fig. 11 Structure of diamond
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pentagonal ring is 12. It is having icosahedral symmetry closed cage structure
similar to football. So it is also called buckyball. There are two bond lengths in the
structure of C60 molecule: the 6:6 and 6:5 ring bonds. The 6:6 ring bonds is
considered as double bond and is shorter in length than 6:5 ring bond. The C60

molecule is not super aromatic as its pentagonal ring lacks in double bond. As a
result, there is poor electron delocalization in C60 molecule and hence behave like
an electron deficient alkene. So the electrical conductivity of C60 molecule falls
within the antistatic/semiconducting range that is 10−6 S/cm with a band gap of
1.8 eV [70]. However, high conductivity of C60 molecule can be achieved by
charge doping [68]. The smallest fullerene is C20. Moreover, some common
fullerenes are C70, C72, C76, C84, and even up to 100 carbon atoms are available.
The HRTEM image of pure C60 fullerene is shown in Fig. 14 [71].

Fig. 12 SEM photo of the
as-grown epitaxially oriented
diamond film. Reproduced
from Ref. [69]

Fig. 13 Structure of fullerene
C60

172 M. Rahaman et al.



5.1.3 Graphite

In graphite, the carbon atoms in each layer are hexagonally linked together with sp2

hybridization where the layers are stacked parallel to each other (Fig. 15). Each
layer forms two-dimensional sheets having a thickness of one atom. The inter-
atomic distance within a layer plane in the hexagonal lattice is 1.42 Å and the
interlayer distance between the planes is 3.354 C35. Each carbon atom has one
out-of-plane p-bond, which is responsible for the delocalization of electrons and
accounts for its thermal and electrical conductivity. The adjacent layers are held
together by weak Van der Waals force of attraction which accounts for its softness
and lubricating nature. Based on the literature, the electrical conductivity of gra-
phite and modified graphite is 2 � 104 S/cm [72], 17–28 S/cm [73], 1.8 � 104 to
6 � 105 S/cm [74], 6 � 104 S/m [75]. A SEM micrograph of exfoliated graphite is
shown in Fig. 16 [72].

5.1.4 Carbon Black

Carbon blacks are the most widely used additives, which can be processed easily.
Carbon black improves electrical and different physical properties of a composite
[76–78]. The desired level of conductivity can be obtained for a black filled
composite by simply controlling the amount of carbon black. Different grades of
carbon blacks like channel black, thermal black, furnace black, acetylene black,
etc., are available in the market according to the manufacturing process and raw
material source. The main factors those governing the electrical conductivity of
carbon black composites are the particle size of carbon black, structure (aggregating
tendency), and degree of graphitization [79–82]. High structure and a higher degree

Fig. 14 HRTEM image of
fullerene C60. Reproduced
from Ref. [71]
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of graphitization favor electrical conductivity, whereas surface adsorbed groups
containing oxygen and hydrogen affect the electrical properties somewhat adversely
through hindering movement of charged species. However, the presence of such
groups on the surface of carbon black is responsible for the enhancement of the
physical property of the composites.

The electrical conductivity of carbon black depends on its grade and sources.
Nannan Guo and Ming C. Leu reported the electrical conductivity of carbon black

Fig. 15 Mosaic-like crystal
particle structure of graphite
where layers of stratified
planes are hexagonal and
parallel to each other

Fig. 16 High magnification
SEM micrograph of
exfoliated graphite
nanoparticles. Reproduced
from Ref. [72]
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powder (Grade—5303, purchased from Asbury Graphite Mills, Inc., New Jersey,
USA) 2.93 S/cm [73]. The intrinsic isolated single-particle conductivity of carbon
black was reported as 1 � 106 S/cm [83]. Sánchez-González et al. reported the
electrical conductivity of different grades of carbon blacks and showed that the
conductivity of blacks varied with their types and compactness [84]. The con-
ductivity increased with the increase in compactness. A TEM image of the carbon
black structure is shown in Fig. 17 [83].

5.1.5 Carbon Fiber and Nanofiber

The physical and electrical properties of carbon fiber depend on the precursor and
technology of preparation. Generally, these fibers are manufactured by the pyrolysis
of organic compound at very high temperatures in an inert atmosphere.
Conventional carbon fibers (CCF) are prepared from the precursor like polyacry-
lonitrile (PAN), pitch, viscous jute, etc. A carbon fiber may be considered as a
macromolecule. It is composed of both ordered and disordered structure, for
example, graphite-like layered structure with some less ordered polyene and cyclic
defect structure. The idealized macromolecular structure of PAN-based carbon fiber
obtained after the process of stabilization and subsequent carbonization has been
proposed as shown in Fig. 18 [85]. The cross-linking of the chain, aromatization,

Fig. 17 TEM images (left side) reveal the grape-like aggregation of CB spheres. Reproduced
from Ref. [83]
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and graphite-like structure of the element is obtained after carbonization of stabi-
lized fiber. Carbon nanofiber (CNF) is prepared by catalytic thermal chemical vapor
deposition growth and electrospinning followed by heat treatment from different
precursor [86]. CCF has a diameter in the micrometer range whereas CNF has a
diameter in the nanometer range. Its diameter is larger than CNTs. The length of
CNF is comparable with CNTs but smaller than CCF. CNFs are hollow core
nanofibers comprises of a single layer or double layer of graphite planes stacked
parallel to each other or at a certain angle from the fiber axis. The structure,
dimension, mechanical and electrical properties of carbon fibers depend on its
production technique and posttreatment method. The electrical conductivity of
carbon fiber and nanofiber are �6 � 102 S/cm and 1 � 104 S/cm, respectively
[87]. In another review article, the electrical conductivity of CNF was mentioned as
5 � 102 S/cm at high temperature and 2 � 104 S/cm at room temperature [88].
A TEM image of vapor grown carbon nanofiber with a cylindrical hollow core
structure is shown in Fig. 19 [88].

5.1.6 Carbon Nanotubes

CNTs can be thought of as graphene sheets rolled up into a tube-shaped
(cylinder) structure. This graphene sheet is made up of planar parallel sheets of
carbon atoms arranged in hexagonal aromatic rings, which are covalently bound
by SP2 hybridization [89]. CNTs can exist as single-walled nanotubes (SWNTs)
or multi-walled nanotubes (MWNTs), depending on the number of rolled up

Fig. 18 An idealized macromolecular structure of PAN-based carbon fiber. Reproduced from
Ref. [85]
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graphene sheets (Fig. 20). The diameter of the nanotubes can vary from 0.7 to
2 nm (SWNTs) to 10–300 nm (MWNTs) and the length of the nanotubes can
reach into macroscale [90]. CNTs have many impressive properties such as
electrical conductivity, mechanical strength, optical transparency, and thermal
stability, which make them suitable for current and future applications in nan-
otechnology [91].

One of the reasons that CNTs have such good properties is because they have a
symmetrical structure [93]. Individual CNTs vary in their conformational
arrangements as a result of the orientation of the graphene sheets in the CNT

Fig. 19 TEM micrograph of VGCNF. Reproduced from Ref. [88]

Fig. 20 Schematic diagram of a single wall carbon nanotube (SWNT) and b multi-walled carbon
nanotube (MWNT). Reproduced from Ref. [92]
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structure. The most common description of this orientation is the chiral vector (Ch)
joining two equivalent points on the original graphene lattice. The vectorial
equation is given as (Eq. 12) [89]:

Ch ¼ na1 þma2 ð12Þ

where a1 and a2 are the distance between the nearest equivalent points on a gra-
phene sheet and the integers n and m indicate the number of zigzag steps along the
graphene sheet. There are three different orientations, depending on the values of n
and m, of the graphene sheet within the structure of CNTs: armchair, zigzag, and
chiral (Fig. 21). An armchair nanotube results when n = m; a zigzag nanotube
when m = 0; and chiral nanotubes arise when n 6¼ m 6¼ 0 [89]. The length and
direction of the chiral vector (the values of n and m) will clearly influence the
diameter of nanotubes and hence influence their properties including conductivity
and density [94]. When (n − m)/3 is a whole number the nanotube will be metallic
in nature, i.e., electrically conducting. Otherwise, a semiconducting nanotube is
resultant. Therefore, two-thirds of nanotubes will be semiconducting and one-third
conducting [95].

The different value of electrical conductivity of CNTs was mentioned in different
literature. The conductivity of MWCNTs on the basis of literature were 1 � 104 S/m
[96], 23 S/m [97], 2 � 102 S/m [98], 2 � 104 S/m [99], and 572 S/m [100];
whereas, the conductivities of SWCNTs were 5.1 � 104 S/m [101], 4 � 103 S/m
[102], 3 � 104 S/m [103].

Fig. 21 Schematic diagram showing how a graphene sheet is rolled to form a CNTs. Reproduced
from Ref. [93]
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5.1.7 Graphene

Graphene is one-atom thick, monolayer, sp2 hybridized, hexagonal planar carbon
sheet (Fig. 22), which is believed as the thinnest and strongest material with
exceptional physical and chemical properties. The carbon–carbon bond length in
graphene is approximately 0.142 nm [104] and the layer thickness ranges from 0.35
to 1.0 nm [105]. The electron mobility in graphene at room temperature is
200,000 cm2 V−1 s−1 [106]. The electrical conductivity of graphene depends on its
precursors, method of synthesis, and measurements, the number of stacking layers,
level of oxide etc. As for example, graphene oxide reduced chemically by hydrazine
resulted in an electrical conductivity of 5–200 S/m [107]; whereas, thermally
reduced graphene oxide gave much higher conductivity (8 � 103 to 2 � 105 S/m)
[108]. The intrinsic single-particle conductivity of graphene was mentioned as 107–
108 S/m [83]. A SEM image of graphene is shown in Fig. 23 [109].

Fig. 22 Hexagonal planar
monoatomic graphene sheet

Fig. 23 SEM image of
graphene sheets. Reproduced
from Ref. [109]
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The intrinsic individual inherent particle conductivity of these carbon materials
depends on their purity, source of materials/precursors, shape, size, crystallinity,
etc. However, their bulk conductivity is governed by their degree of compactness,
alignment, the direction of measurement, etc. The bulk conductivity was reported to
be always lower than their inherent conductivity because of contact resistance [83].
Compactness increases the bulk conductivity for all carbons [83]. Among the
carbons, the lowest inherent conductivity was observed for diamond. The highest
inherent conductivity was reported for graphene compared to CNTs [83, 110].

The electrical conductivity of polymer/carbon composites filled with fullerenes
[111], graphite [72, 75], carbon blacks [112–114], carbon fibers [86–88], carbon
nanotubes [115–117], and graphene [118, 119] were extensively reported in some
review and research articles. It is revealed from these articles that the electrical
conductivity of the composites not only depends on the inherent conductivity of the
individual carbon but also on their types, functionality, geometry, dispersion in
polymer matrix, nature of polymer, crystallinity in polymer, blending of polymers,
processing methods of composites, etc. Hence, these affecting parameters on the
electrical conductivity of polymer/carbon composites are discussed herewith.

5.2 Amount/Concentration of Fillers

The conductivity/resistivity of the polymer composites depends on the concentra-
tion of the conductive additive within the matrix polymer. Generally, for all
composite systems, the resistivity decreases with the increase in conductive additive
loading. The nature of variation of resistivity with filler concentration depends on
types of filler used and the nature of polymer matrices. In most of the literature, it
has been shown that initially, the decrease in resistivity with the addition of carbon
fillers in insulating polymer matrices is marginal. Further addition of conductive
additive results in an appreciable decrease in resistivity and then again the resis-
tivity decrement becomes marginal. However, some other literature it was reported
that initially there is a sharp decrease in resistivity is observed followed by a
marginal decrease up to the highest loading of conductive additives. The first one is
observed for low structured/low aspect ratio carbon fillers whereas the later one is
observed for high structures/high aspect ratio carbon fillers. We have reported the
variation of DC resistivity against carbon black concentration, where EVA and
NBR are used as polymer matrices, and Conductex and Printex blacks as con-
ductive additives as shown in Figs. 24 and 25, respectively [120]. Conductex
carbon black filled composites show initially marginal decrease in resistivity up to
20 phr loading and then the decrement in resistivity become sharp up to 40 phr
loading followed by an again marginal decrease in resistivity up to its highest
concentration. However, for Printex black filled composites, initially, there is a
sharp decrease in resistivity and beyond 20 phr of loading the decrement in
resistivity becomes marginal. This decrement in electrical resistivity with the
addition of conductive carbon fillers in insulating polymer matrices was explained
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in terms of the general theory of electrical conduction mechanism. Initially, the
addition of conductive additive results in the formation of discrete aggregates in the
insulating polymer matrix. On further addition, these discrete aggregate grows in
size and leads to the formation of conductive continuous networks at a certain
concentration known as the percolation threshold of electrical conductivity. The
addition of more conductive additive beyond this concentration only increases the
number of such conductive continuous networks and forms the conductive mesh.
So the increase in electrical conductivity becomes marginal. The effect of con-
ductive additive loading on the electrical conductivity of insulating polymer
matrices was also reported in many literature and observed almost the same phe-
nomenon [121–124].

Fig. 24 DC resistivity versus
filler loading of EVA/NBR
blend composites filled with
Conductex carbon black.
Reproduced from Ref. [120]

Fig. 25 DC resistivity versus
filler loading of EVA/NBR
blend composites filled with
Printex XE2 carbon black.
Reproduced from Ref. [120]
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5.3 Structure of Fillers

The percolation threshold and electrical resistivity of the polymer/carbon com-
posites depend on the structure of conductive additives, especially for carbon
blacks. Carbon black particles form strong aggregates (primary structure) and these
aggregates are loosely clustered into bigger aggregates (secondary structure). The
aggregate with more complex shape, size, and internal voids are termed as the
higher structure and vice versa. The structure can be indirectly measured through
the quantity of dibutyl phthalate (DBP) absorbed by aggregated carbon black.
Carbon black with higher structure can form more easily continuous conductive
network in an insulating matrix. In our previous investigation mentioned earlier
where we used two different conductive carbon blacks namely Conductex and
Printex that differ from each other in terms of their structure values [120]. The
matrix polymers were EVA, NBR, and their blends. It is shown that Printex black
has a higher structure and exhibited a lower percolation threshold compared to
those of Conductex black (Figs. 24 and 25). The percolation threshold for Printex
black was around 25 phr and that of for Conductex black was 45 phr. The electrical
conductivity of Printex black filled composites is also higher compared to
Conductex black filled composites at their similar black loading. The effect of
carbon black structure on the electrical conductivity of polymer carbon composites
was also reported in the literature and shown that highly structured carbon black
favors the electrical conductivity which means it exhibited lower percolation
threshold with higher electrical conductivity at the same filler loading compared to
low structured black one [113, 125, 126].

5.4 Aspect Ratio of Fillers

The aspect ratio of rod-like carbon fillers like fibers, nanofibers, nanotubes affects
the electrical conductivity/resistivity of polymer/carbon composites. Aspect ratio is
defined as the ratio of length to diameter of any rod-like carbon fillers. It has been
reported that the electrical resistivity of any polymer/carbon composites decreases
with an increase in the aspect ratio of carbon filler at their any particular loading
[127]. It has been mentioned in the literature that high aspect ratio carbon filler is
equivalent to the combination of several low aspect ratio carbon fillers. As a result,
the average distance as well as the number of contacts between the fillers particles
decreases with an increase in aspect ratio. Hence, the flow of electrons through
hopping is facilitated as both the average distance and numbers of contacts among
the particles are decreased, resulting in higher electrical conductivity of the com-
posites filled with higher aspect ratio carbon particle.

We reported the effect of aspect ratio of carbon nanotubes on the electrical
resistivity of polyethylene nanocomposites and the same is presented in Fig. 26
[127]. It is revealed that the composites with a high aspect ratio of CNTs
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(L) showed lower electrical resistivity at all CNT loading compared to composites
with a low aspect ratio of CNTs. Similar observations have also been made by
several authors [128, 129]. Guo et al. [129] reported that the higher is the aspect
ratio of CNT, the lower is the percolation threshold and electrical resistivity. This is
also true for other rod-like/tube-like carbon filled polymer composites [116].

5.5 Functionalization of Carbons

The functionalization of carbon materials affects the electrical conductivity of
polymer/carbon composites. It has been mentioned earlier that the conductive
carbon fillers are associated with a conjugated double bond in its backbone structure
that assists in the flow of electrons. The functionalization of carbon materials results
in the opening of double bonds. Thus, the number of double bonds in their con-
jugation is reduced and in some cases, the conjugation is lost. Thus, the flow of
electrons is hindered in their path and results in lowering of electrical conductivity.
Another important point is that the functionalization of carbons by any acid or
amine fatty acids or by other means increases the distances among the carbon
particles. It has been mentioned in the literature that the hopping of electrons from
one conductive site to another is facilitated when the average distances among the
particles �10 Å [120]. Thus, functionalization reduced the hopping of electrons by
increasing the average distances among them and results in the decrease in electrical
conductivity of polymer/carbon composites.

Selvin et al. have studied the effect of 1-octadecanol functionalization of carbon
nanotubes (C18-CNT) on the electrical resistivity/conductivity of natural rubber
(NR) nanocomposites as shown in Fig. 27 [130]. It is seen that the functionalized
NR/C18-CNT composites exhibit higher electrical resistivity compared to NR/CNT
composites. The effect of functionalization of carbons on the electrical resistivity of
polymer/carbon composites was studied by several authors [109, 119, 131–133].

Fig. 26 Effect of aspect ratio
on electrical resistivity of
LDPE/CNT composites.
Reproduced from Ref. [127]
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5.6 Filler Orientation and Waviness

The orientation/alignment of rod-like that means anisotropic fillers greatly affects
the electrical percolation threshold and electrical conductivity of polymer/carbon
composites. It has been mentioned in the literature that the alignment of anisotropic
fillers leads to the fewer contacts between them resulting in the destruction of
conductive networks. Consequently, the conductivity of polymer composites is
drastically reduced [116]. The low percolation threshold of electrical conductivity is
obtained when the alignment of fillers is isotropic or slightly anisotropic in nature in
the polymer matrices. However, this percolation threshold value increases when the
alignment of fillers becomes more anisotropic which means it is uniaxial in nature.
Thus, there is a critical alignment above which the electrical percolation threshold
value increases even at volume fraction value of fillers well above the percolation
threshold of the isotropically oriented network. Above this value, there is the
destruction of percolative conductive networks within the polymer matrix. It has
been reported that this critical alignment value increases with the increase in vol-
ume fraction and aspect ratio of fillers [134].

Khan et al. [135] studied the effect of multi-walled carbon nanotubes alignment
on the electrical conductivity of epoxy nanocomposites as shown in Fig. 28. They
measured the electrical conductivity of randomly oriented, parallelly aligned, and
perpendicularly aligned composites. It was shown that the percolation threshold of
parallelly aligned composites (0.0031 vol.%) was one order of magnitude lower

Fig. 27 DC volume resistivity versus filler loading of NR composites. Reproduced from
Ref. [130]
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than the perpendicular and randomly oriented composites (0.034 vol.%). This was
due to preferential orientation of the parallelly aligned composites. This was
attributed to the fact that upon the application of electric field, the CNTs aligned
immediately and start the lateral migration to form bundles of even at their low
concentration. This results in the formation of extensive conductive percolative
networks in the direction of alignment and the similar networks are not formed in
the perpendicular direction of alignment at the same CNT content. It can be noted
that the percolative networks in the perpendicular direction start to form only when
the percolative network in the parallel direction are developed. The migration of
CNTs in the perpendicular direction increases with the increase of its concentration
in the polymer matrix. Hence, the difference in absolute conductivity is diminished
at a higher volume fraction of CNTs. The results also showed that the electrical
percolation and conductivity of randomly oriented and perpendicularly aligned
composites was almost the same; indicated that the significant portions of CNTs
took part in the formation of the percolative network in the direction of perpen-
dicular to the alignment.

A little bit different behavior is observed for polyurethane/reduced graphene
oxide nanocomposites [136]. The percolation threshold and electrical conductivity

Fig. 28 Electrical conductivity (r) of nanocomposites as a function of CNT content (q). Inset: log
r plotted against log (q − qc) giving the percolation threshold of qc = 0.0048 wt% (equivalent to
0.0031 vol.% assuming the densities of CNT and the matrix material to be 1.68 and 1.11 g/cm3,
respectively). Reproduced from Ref. [135]
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increases in the parallel direction of alignment. However, in the perpendicular
direction, initially, there is the increase in electrical conductivity up to the perco-
lation threshold, and thereafter it falls abruptly above the percolation threshold. This
was attributed to the hindrance of electron transport due to the presence of some
oxides on the surface of graphene sheets.

In many theoretical studies of rod-like fillers, it was assumed that the geometry
of fillers was rigid, straight cylindrical or sphero-cylindrical. This assumption is in
good agreement with the nanowires for predicting any physical properties.
However, this assumption is not logical for carbon nanotubes based polymer
composites because the microscopic study was already revealed that the CNTs
embedded in polymer composites are curved/wavy rather than straight as can be
seen from Fig. 29 [137]. Several authors theoretically studied the effect of waviness
on the electrical percolation and conductivity of polymer/CNTs nanocomposites
[137–139]. They reported that the electrical percolation threshold of the composites
increases with the increase in waviness of fillers and this effect is more pronounced
for low aspect ratio fillers. Simulation study also proved that the electrical con-
ductivity is decreased with the increase in waviness of the CNTs within the polymer
matrices [137, 138].

Fig. 29 FESEM image of a MWCNT/polymer nanocomposite showing the nanotube waviness.
Reproduced from Ref. [137]

186 M. Rahaman et al.



5.7 Polymer Matrix

The electrical properties of conductive composite systems depend on the type of
polymer matrix. Studies on the electrical conductivity of different rubber vulcan-
izates filled with carbon filler have been carried out [140, 141]. It has been observed
that different volume fraction of carbon filler is required to get the same level of
conductivity for all the composite systems. A similar type of observations has also
been made by other authors [54, 55]. They have pointed out that the surface tension
of polymer plays an important role in the dispersion of fillers particles in the
polymer matrix and hence is responsible for obtaining different values of electrical
properties. It has been mentioned that more volume fraction of filler is required to
get a desired level of conductivity if the surface tension of the polymer matrix is
increased. The presence of the polar group in the backbone of the polymer matrix
also affects the dispersion of filler particles in the polymer matrix. There is a report
regarding the effect of polymer viscosity on electrical conductivity for the con-
ductive composite system [142]. The high viscosity of polymer exerts a more
shearing force on the filler particles during mixing which results in more breakdown
of conducting filler. This reduces the electrical conductivity of the system.
A researcher has reported the effect of MFI (melt flow index) and crystallinity on
the percolation threshold of electrical properties of the polymer [67].

Pöschke et al. [143] have studied the electrical percolation behavior of poly-
carbonate (PC)/MWCNTs nanocomposites prepared by melt mixing technique.
They reported the percolation threshold of electrical conductivity was reached at
1.44 wt% of CNTs. In another study, it was reported that the percolation threshold
of electrical conductivity for polypropylene (PP)/MWCNTs nanocomposites pre-
pared by melt mixing technique was 1.10 wt% of CNTs [144]. This lower value of
percolation threshold for PP nanocomposites was due to higher crystallinity of PP,
where the CNTs distribute more to the amorphous phase and results in lower
percolation threshold. Thus, the electrical percolation thresholds vary according to
the polymer matrix used.

5.8 Polymer Blend

The blending of two or more polymers is of great significance for achieving
tailor-made properties [140–142, 145]. Plastic–plastic or plastic–rubber or rubber–
rubber blending having different polarities of the constituents was proved to be
important for achieving a high degree of conductivity at a relatively lower con-
centration of filler compared to the individual one [53, 146]. This type of blending
provides a well-defined interface, where filler particles accumulate and facilitate the
formation of conducting networks more easily. The conductivity of the black filled
blending systems depends on the black concentration in the blend, morphology of
the blend, and distribution of black particles within the blend [147, 148]. Polymer
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blends are classified into different categories; namely, miscible, immiscible, com-
patible, and incompatible. It is expected that polar–polar or non-polar–non-polar
polymer blends are miscible or compatible; whereas polar–nonpolar blends are
immiscible or incompatible. For mechanical property improvement, polar–polar or
nonpolar–nonpolar (miscible/compatible) polymer blends are desirable where the
formation of homogeneous interface takes place. On the other hand, for electrical
property improvement, the generation of the heterogeneous interface is required and
hence, immiscible/incompatible polymer blend can be preferred [149]. Generally, in
the polymer blend, the filler particles tend to concentrate in one phase or in between
the interface of two polymers. This finally leads to an increase in electrical con-
ductivity [150].

We reported the effect of polymer blending at a different proportion on electrical
resistivity of EVA and NBR filled with 60 phr Conductex (ENC60) and 50 Printex
(ENP50) blacks as shown in Fig. 30 [120]. The results showed that NBR and
NBR-rich composites exhibit lower resistivity compared to EVA and EVA-rich
ones. This was attributed to the lower viscosity of NBR compared to EVA at their
mixing temperature, which resulted in less breakdown of carbon particles and hence
lower electrical conductivity.

5.9 Effect of Temperature

Generally, polymer-based conductive composites can exhibit two types of variation
in resistivity when subjected to temperature variation known as positive tempera-
ture coefficient (PTC) of resistivity and negative temperature coefficient (NTC) of
resistivity [151]. In NTC effect the resistivity decreases with the increase in

Fig. 30 DC resistivity versus
blend compositions of ENC60
and ENP50 composites.
Reproduced from Ref. [120]
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temperature due to the increased effect of thermal emission of an electron between
adjacent filler particles generally observed in the case of semiconducting materials
[147, 152]. In PTC effect, the resistivity is increased with the increase in temper-
ature due to the uneven thermal expansion of the polymer matrix and the filler
particles. The uneven thermal expansion leads to an increase in the average gap
between filler particles/filler aggregates making tunneling or hopping of electrons
more difficult [148]. In fact, the temperature dependency of composites depends on
various factors like the type of polymer and filler particles, concentration of filler,
Tg of polymer, the crystallinity of polymer, etc. [153–156]. Sometimes, extremely
high positive temperature coefficient (HPTC) in some composites has also been
observed under certain conditions [157]. The crystalline and noncrystalline poly-
mers filled with the same type of carbon black behave differently when subjected to
a rise in temperature. The noncrystalline polymer composites exhibit either PTC or
NTC effect depending on the nature of polymer and filler; whereas, crystalline
polymer may exhibit both the PTC and NTC effect due to the melting of the
crystalline phase. Literature regarding thermoplastic–carbon black composites
reported a several fold increase in resistivity at and around Tg of the polymer [158,
159]. It is noteworthy to mention here that the mechanism of electrical conduction
at low temperature is mainly due to tunneling or hopping of electrons. Carbon fiber
filled polymer composites generally exhibit PTC effect due to the large difference
between thermal expansion coefficients of polymer and fiber. Polymer/rubber
exhibits a positive thermal expansion coefficient in the range 50–220 � 10−6;
whereas carbon fiber exhibits negative thermal expansion coefficient
(−1.45 � 10−6) [160]. Metal filled polymer composites may show PTC effect
(metallic type conduction) or NTC effect (semiconducting type) depending upon
the concentration of filler particles and level of the oxide coating on the metal
particles [161].

He et al. have observed the PTC effect of resistivity for 5.4 wt% MWCNT/
HDPE composite and 16 wt% carbon black/HDPE composites as reported in
Fig. 31, respectively [162]. It has been shown that the electrical resistivity of both
composites increases up to the melting point of the composites (Fig. 31) with the
increase in temperature. This PTC behavior has been attributed to the thermal
expansion of HDPE due to its crystalline melting. Beyond the melting temperature,
there is the NTC effect of resistivity for both the composites. However, this effect is
more pronounced for HDPE/CB composite compared to HDPE/MWCNT com-
posites. This NTC effect of resistivity is due to the agglomeration of conductive
particles because of polymer melt at which the chain segmental motion of polymer
takes place. As the geometrical size of CNT is larger than carbon black, hence more
energy is required for the agglomeration of CNT compared to carbon black. This is
why HDPE/MWCNT composite exhibits weak NTC effect compared to HDPE/CB
composite.

The NTC effect of resistivity can be eliminated or minimized by cross-linking/
vulcanization of the polymer composites. The authors irradiated the HDPE/
MWCNT composites with gamma-ray at room temperature using the dose 80 kGy
and the resultant plots are shown in Fig. 32 [162]. It is observed that the NTC effect
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of resistivity beyond the melting temperature has been eliminated after
cross-linking the composite through irradiation. The cross-linking of polymer
makes restriction in the movement of its chains and hence the further agglomeration
of conductive particles becomes more difficult; as a result, NTC effect of resistivity
is depressed.

Fig. 31 Comparison of
resistivity–temperature curve
for a 5.4 wt% MWNT/HDPE
composite and b 16 wt% CB/
HDPE composite; c DSC
curve of the 5.4 wt% MWNT/
HDPE composite.
Reproduced from Ref. [162]

Fig. 32 Resistivity–
temperature curves of the 5.4
wt% MWNT/HDPE
composite before and after
irradiation. Reproduced from
Ref. [162]
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The PTC and NTC behavior of resistivity of ethylene vinyl acetate copolymer
(EVA), acrylonitrile butadiene rubber (NBR), and their blend composites filled with
conductive carbon blacks and short carbon fiber are investigated by our group
[163]. It has been shown that the PTC and NTC behavior of resistivity depends on
the crystallinity of polymer, characteristics of polymer, their melting temperature,
types and nature of carbons used, differential thermal expansion coefficient of
polymer and fillers, and their curing characteristics. Double PTC behavior for EVA/
Carbon composites has been reported herewith. Vulcanization of polymer mini-
mizes the NTC characteristics of the polymer composites beyond their melting
points. The effect of heating and cooling, and repeated heating and cooling on
resistivity are also reported. It was shown that the cooling path of resistivity does
not follow its heating path and there is always an electrical hysteresis with the
existence of an electrical set. This difference in electrical resistivity in the heating
and cooling path is due to the formation of some additional conductive networks
during a heating cycle with the simultaneous destruction of some existing con-
ductive networks. If the formation of networks dominates the destruction of net-
works then resistivity in the cooling path will be lower compared to the heating path
and vice versa. PTC and NTC behavior of resistivity was also reported for HDPE/
Carbon black composites [164]. Jiyun Feng and Chi-Ming Chan showed that
double PTC behavior of resistivity can be achieved by blending of two different
semicrystalline polymers [165, 166].

5.10 Effect of Pressure

The electrical properties of conductive composites are affected by the application of
stress or strain. Conductivity may increase/decrease depending upon the nature of
the polymer and conducting filler particles, and concentration of filler. It has been
mentioned that the electrical resistivity of non-conducting rubber composites
decreases with the increase in pressure where the electrical conduction is mainly
due to the ionic charge carrier [157]. However, the polymer composites filled with
any conductive particles where the electrical conduction is governed by the pres-
ence of electrons or hole, the resistivity is found to decrease with the increase in
pressure. Similar investigations for metal/carbon black filled composites have been
reported in literature [167, 168]. The development of pressure-sensitive polymer
composites has also been a subject of interest for some authors [169, 170].
Generally, the variation of electrical conductivity against applied pressure is non-
linear in nature [171].

Das et al. have studied the effect of applied pressure on electrical resistivity of
ethylene vinyl acetate copolymer, ethylene propylene diene monomer (EPDM), and
their blend filled with carbon black and carbon fiber [172] as shown in Fig. 33 and
34, respectively. The plots show that the pressure effect of electrical resistivity is
dependent on the magnitude of applied pressure, type of polymers, and nature of
fillers. EPDM/carbon black composite (EP 0.50 V) showed an increase in electrical
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resistivity, EVA/carbon black composite (EP 100.50 V) showed decrease in elec-
trical resistivity, and EVA/EPDM/carbon black 50/50 blend composite (EP
50.50 V) showed initially a decrease in electrical resistivity followed by an increase
after certain pressure. On the contrary, all composites filled with carbon fiber
showed an increase in electrical resistivity with the increase in applied pressure
(Fig. 34). It has been mentioned in the literature that the application of pressure
creates the movement of polymer chains, which, in turn, affect the conductive
networks by the formation of some additional conductive networks and simulta-
neous destruction of some existing conductive networks [172–174]. If the forma-
tion of conductive networks is dominant over the destruction of some existing
networks then the resistivity will decrease with the increase in applied pressure and
vice versa. For carbon black filled composites (except EPDM one), the formation of
conductive networks is the dominant factor and hence resistivity decrease with the
increase in applied pressure. The effect of pressure loading and unloading on
resistivity was reported in the literature [175]. The resistivity of the unloading path
did not coincide with their loading path and there was an electrical hysteresis where
there exists an electrical set.

5.11 Processing Conditions

Different processing parameters like mixing time, mixing temperature, rotor speed,
mold pressure, forming process, and vulcanization affect the mechanical and

Fig. 33 Effect of pressure on the volume resistivity of carbon black filled EVA, EPDM, and its
50/50 blend composites. Reproduced from Ref. [172]
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electrical properties of elastomer-based conductive composites. Therefore, it is
necessary to optimize these processing parameters to obtain reproducible results.

5.11.1 Dispersion of Conductive Particles

Dispersion of conductive particles in the polymer matrix greatly affects the elec-
trical properties of polymer composites. The degree of dispersion of filler particles
in polymer matrix depends on mixing time, mixing temperature, and shear rate
during dry/melt mixing. However, better dispersion of filler particles requires higher
filler concentration to make the composite enough conducting (i.e., higher perco-
lation threshold). The effect of dispersion on the electrical conductivity of
graphite-filled polyethylene composite had been reported in the literature [176]. The
control of physical as well as electrical properties of the composites by the degree
of dispersion has been investigated in details [177, 178]. However, there is a
conflicting report on the effect of dispersion of particles on electrical conductivity.
In some literature, it has been shown that uniform dispersion gives better con-
ductivity [101, 179–181], whereas in other literature it has been reported that
agglomeration of a particle gives higher conductivity with a lower value of per-
colation threshold [182–185]. In fact, preferential dispersion of the filler in polymer
matrix leads to percolation at a lower loading of filler whereas more uniform mixing
requires much higher loading of filler.

Fig. 34 Effect of pressure on the volume resistivity of SCF-filled EVA, EPDM and its 50/50
blend composites. Reproduced from Ref. [172]
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5.11.2 Mixing Time

Mixing time affects the electrical properties of polymer composites. Generally, the
electrical resistivity is found to increase with the increase in dispersion time
[186]. The filler aggregates and short carbon fiber undergo breakage due to the
shearing force exerted by the polymer matrix on them during mixing.
Consequently, the increase in mixing time cause more breakage of filler aggregate
which adversely affects the electrical property. Pramanik et al. [187] have
reported that the increase in mixing time increases the electrical resistivity for
both carbon black and carbon fiber filled NBR composites. A similar observation
has also been made for EVA, EPDM, and their blend composites loaded with 50
phr carbon black and 20 phr carbon fiber as shown in Fig. 35 [172]. The com-
posites were processed by melt mixing technique. The effect of sonication time of
electrical conductivity of polymer/carbon composites was also investigated by
various authors [117, 188, 189]. They reported that the increase in sonication time
reduces the electrical conductivity of the polymer/carbon composites at any
particular filler loading.

Fig. 35 Effect of mixing time on the volume resistivity of SCF and carbon black filled EVA,
EPDM and its 50/50 blend composites (mixing temperature, 70 °C; rotor speed, 60 rev./min).
Reproduced from Ref. [172]
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5.11.3 Rotor Speed

The effect of shear rate on electrical resistivity has also been investigated on the
same system [187]. They have found that the resistivity was increased with the
increase in shear rate. Actually, the increase in shear rate increases the shear stress
on the filler aggregate which results in the appreciable breakdown and more uni-
form dispersion of the filler in matrix polymer leading to the increase in electrical
resistivity [190]. The effect of rotor speed from 20 to 100 rpm on electrical resis-
tivity of EVA, EPDM, and their blend composites filled with carbon black and
carbon fiber at the mixing time 5 min and mixing temperature 70 °C are presented
in Fig. 36 [172]. The resistivity is seen to increase with the increase in rotor speed.
The increment in electrical resistivity for carbon black filled composites at lower
rotor speed is quite prominent. However, at high rotor speed, the increment in
resistivity is marginal. Actually at high rotor speed, due to the high shearing, there
is the rise in temperature of the polymer melt leading to the lowering of its vis-
cosity. Thus, the shearing force on the filler aggregates is reduced which favor less
breakdown of conductive particle carbon black at high rotor speed and conse-
quently results in a lower increase in electrical resistivity. However, the carbon fiber
filled composites exhibited opposite behavior. The increase in resistivity at low

Fig. 36 Effect of rotor speed on the volume resistivity of SCF- filled and carbon black filled EVA,
EPDM and its 50/50 blend composites (mixing temperature, 70 °C; mixing time, 5 min).
Reproduced from Ref. [172]
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rotor speed is less and at high rotor speed is high. The fiber is having low bending
strength. As a result, it undergoes more breakdowns at high rotor speed and results
in a high increase in electrical resistivity.

5.11.4 Mixing Temperature

The increase in mixing temperature reduces the matrix viscosity which in turn
reduces the shear stress during mixing leading to reducing in the breakdown of
particle structure, consequently resistivity decrease sharply when mixing tempera-
ture is increased [187]. Das et al. have also studied the effect of mixing temperature
on electrical resistivity of EVA, EPDM, and their blend composites filled with
carbon black and carbon fiber as can be seen in Fig. 37. The resistivity of
melt-mixed composites decreases with the increase in mixing temperature as
expected. The sonication temperature during solution mixing process also affects
the electrical conductivity of the composites. Low mixing temperature during
sonication leads to better dispersion of conductive particles. The electrical con-
ductivity may decrease or increase depending on the preferential formation of
conductive networks within the polymer matrix. A detailed study in this matter is
required.

Fig. 37 Effect of mixing temperature on the volume resistivity of SCF-filled and carbon black
filled EVA, EPDM and its 50/50 blend composites (mixing time, 5 min; rotor speed, 60 rev./min).
Reproduced from Ref. [172]
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5.11.5 Mold Pressure

The effect of mold pressure on electrical resistivity exhibits anomalous behavior.
There was a report on the increase of electrical resistivity with the increase in mold
pressure applied to the composite. This was due to the breakdown of filler aggre-
gates caused by higher and fast expansion of rubber when the mold pressure was
released [191]. However, the opposite observations were also reported. It had been
observed that there was a decrease in resistivity of composites with an increase in
mold pressure which helped in the formation of three-dimensional conductive
network [191] and increased compactness [161] of conductive carbon black.
Another investigation had revealed that the hydrostatic pressure during vulcaniza-
tion tends to rearrange the filler particles inside the polymer matrix, which leads to
the decrease in resistivity that is an increase in conductivity [192]. The results
reported by Das et al. in Fig. 38 also shows the similar behavior that is the resis-
tivity decreases with the increase in mold pressure [172]. Badawy and Nasr
investigated the effect of mold pressure on resistivity for polyvinyl chloride
(PVC) mixed NBR composites filled with high abrasion furnace black (HAF) [193].
They reported that the conductivity decreases when mold pressure is suddenly
increased and then increases exponentially with time.

Fig. 38 Effect of vulcanization pressure on the volume resistivity of SCF-filled and carbon black
filled EVA, EPDM and its 50/50 blend composites (mixing temperature, 70 °C; mixing time,
5 min; rotor speed, 60 rev./min). Reproduced from Ref. [172]
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5.12 Forming Process and Vulcanization

Different manufacturing processes are available depending upon the demand of
product and nature of materials. Plastics materials are processed by injection
molding, extrusion process, calendaring, compression molding, thermoforming, etc.
In the manufacture of rubbery materials, curing agents are required along with other
ingredients. The filler dispersion and formation of conducting network vary with
respect to the manufacturing process and vulcanization time. It has been observed
that the degree of cross-linking reduces the resistivity due to the formation of
three-dimensional networks in the vulcanizate. The effect of vulcanization on
physicochemical and electrical properties at different mold pressure and tempera-
ture of siloxane composite has been investigated and reported a marginal change in
resistivity with vulcanization system. Boonstra [194] observed that the resistivity
decreases after one or two minute pressing of the sample. The effect of vulcan-
ization time on electrical resistivity of EVA, EPDM, and their blend composites are
presented in Fig. 39 [172]. The resistivity decreases with curing time for all cases.
During the curing process, there is the formation of free ions that reduce the
resistivity at the initial stage of vulcanization. However, at higher curing time there
is the formation of three-dimensional networks within the polymer chains which
binds the conductive networks compactly and results in a marginal decrease in
resistivity.

Fig. 39 Effect of vulcanization time on the volume resistivity of SCF-filled and carbon black
filled EVA, EPDM and its 50/50 blend composites (mixing temperature, 708C; mixing time,
5 min; rotor speed, 60 rev./min). Reproduced from Ref. [172]
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5.13 Mechanical Deformation

Physical deformation like stretching, bending, and compression affect the electrical
properties of conductive rubber composite systems. The behavior of these physical
deformations toward electrical properties depends on the nature of polymer, nature
of additive, loading level, and degree of deformation [195–197]. An investigation
regarding the effect of stretching on resistivity has been made based on the carbon
black filled rubber composite [198]. It is revealed that the electrical resistivity is
increasing while stretching and decreasing to a lesser extent during relaxation.
Hashem et al. [199] have reported the effect of stretching on electrical resistivity on
carbon black filled butyl rubber composite. He pointed out that the resistivity is
increasing with stretching up to a certain limit due to the breakdown of some
existing conducting networks. However, on further stretching the resistivity was
found to decrease due to the reorientation of carbon black networks at high
stretching. Thus, it can be mentioned here that stretching causes breakdown as well
as reorientation of conductive networks. At low stretching, the breakdown of
conductive networks gets priority over the orientation of networks; whereas, at high
stretching reorientation process acts as predominant factor. Several types of studies
regarding the effect of strain on the electrical conductivity of carbon black filled
polymer composites have been reported by a number of authors [200, 201].

5.14 Effect of Frequency

The AC conductivity of polymer–carbon composites is greatly affected by the
frequency of electric/electromagnetic field. AC conductivity was found to increase
with the increase in the frequency of the electric field [19]. With the increase in
frequency, the electrons/charge carriers present in the composite system gets
energies, which, in turn, increase the hopping/tunneling of electrons/charge carriers
resulting in the increase in electrical conductivity. However, the nature of the
variation of electrical conductivity with frequency is dependent on the type of
polymers, types of fillers, and the concentration of filler used. The neat insulating
polymers exhibit strong frequency-dependent behavior. Moreover, this frequency
dependency of conductivity decreases as the loading of the conductive additive in
the insulating polymer matrices increases. After certain loading, the conductive
composites exhibit frequency independent behavior and at this stage the AC con-
ductivity coincides with the DC conductivity of the composite. Sophie et al. were
reported the effect of frequency on the electrical conductivity of polyepoxy carbon
nanotubes nanocomposites as presented in Fig. 40 [202]. They found that below 0.4
weight fraction of CNT loading, the composites exhibit frequency-dependent
behavior and beyond this loading the composites exhibit frequency independent
conductivity. The composite with 2.5 weight fraction of CNT loading shows
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complete frequency-independent conductivity. The study on the effect of frequency
on polymer–carbon composites was investigated by many authors [203–205].

In addition to these factors discussed herewith, several others points also affect
the electrical conductivity of polymer–carbon composites. The same composites
prepared by different techniques like in situ, solution casting, or melt blending
would exhibit different electrical percolation thresholds and conductivities. It has
been reported that the composites prepared by in situ or solution casting technique
shows lower electrical percolation threshold and higher electrical conductivity
compared to the melt blending technique [19, 119]. Actually, in the melt blending
technique, there is the extensive breakage of carbon particles, which results in the
lowering of its structure/aspect ratio, and consequently the higher value of electrical
percolation threshold and resistivity.

6 Conclusions

Polymer–carbon composites fall under extrinsically conducting polymers when
conductive carbons are mixed with insulating polymers. Generally, we measure
three types of resistances namely surface resistance, volume/bulk resistance, and
contact resistance either in two-probe or four-probe technique. Among the carbons,
diamond shows the lowest electrical conductivity and monolayer graphene shows
the highest inherent electrical conductivity. However, the electrical conductivity of
these carbons depends on their purity, types, methods of manufacturing, geometry/
structure, aspect ratio, number of layers, surface area, etc. High purity and high
structure/aspect ratio of carbons show high bulk conductivity due to low defects and
low contact resistance, respectively. It is revealed that the composite with high
polymer crystallinity, preferential distribution of carbon fillers, and low viscosity of
polymer and molecular weight, high structure and aspect ratio of carbons exhibited

Fig. 40 Frequency
dependence of the real part ó¢
of the complex conductivity
for different carbon nanotubes
weight fraction at 20 °C: (□)
0, (●) 0.04, (D) 0.2, (▼) 0.3,
(◊) 0.4, (■) 0.6, (O) 0.8, (▲)
1.5, and (Ѵ) 2.5 wt%.
Reproduced from Ref. [ 202]
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low electrical percolation threshold and high electrical conductivity.
Functionalizations of carbons and waviness reduce the electrical percolation
threshold and conductivity. The increase in ac frequency increases the electrical
conductivity. Polymer blending, and dispersion and orientation of carbons affect the
conductivity of the composites but the conductivity may increase or decrease
depending on the nature of blending, quality of dispersion, and nature of orienta-
tion. Vulcanization of composites increases the electrical conductivity up to certain
curing time. Both the measurement and processing temperature, pressure, and time
affect the electrical conductivity. The composites may exhibit PTC or NTC effect of
resistivity depending on the nature of polymers and fillers. Hence, from the
above-going discussion, it is clear that the electrical conductivity and percolation
threshold of polymer–carbon composites depends on many factors/parameters. So,
it can be mentioned/concluded herewith that to get a desired level of electrical
conductivity of polymer–carbon composites, the choice of polymer, carbon filler,
preparation method, and the control of other processing parameters/factors are
necessary.
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Dielectric Properties of Polymer–
Carbon Composites

Suryakanta Nayak

Abstract Polymer composites are widely used in recent days for various applica-
tions. Carbon-based polymer composites have great attention mainly towards
electrical applications. This chapter is focused on different carbon fillers and their
polymer-based composites/nanocomposites. The effect of various carbon fillers on
different polymer composites has been thoroughly described. The dielectric prop-
erties of carbon–polymer composites can be affected by many factors. These factors
are as follows: processing condition, composite morphology, frequency, concen-
tration, temperature, electric field, and pressure. The effects of all the above factors
on dielectric properties of carbon–polymer composites have been discussed.

Keywords Polymer � Carbon � Dielectric � Composite � Electrical

1 Introduction

Technologically, materials play an important role to make our lives more com-
fortable. There is always requirement of new materials to improve the properties
and to satisfy customers. So, the properties of the final product can be tailored by
mixing two or more materials. Polymeric materials are more desired due to their
lightweight, low cost, and ease of processing. There is a substantial expansion of
nanotechnology in the field of polymer composites to develop advanced materials
for different applications [1].

In the twenty-first century, nanotechnology is one of the most promising
research areas. Nanocomposites are hybrid materials which consist of dispersed
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phase (size in nanometer scale) in a suitable matrix, which can enhance the existing
properties as well as gives rise to new properties [2–4]. Polymeric materials have
more importance among all other materials for their electronic and mechanical
properties, whether they are used in pure form or reinforced with different fillers.
For optoelectronic applications, polymers also have been used to prepare
light-emitting diodes (LEDs) and flexible electronic papers [5–9]. Polymer
nanocomposites (nanoparticles reinforced polymer matrix) have attracted great
attention of many researchers because the addition of nanoparticles into matrix
polymer enhances the mechanical, electrical, thermal, and barrier properties [4, 10].
Polymer composites/nanocomposites mostly contain nanoclay, carbon fillers,
nanofiber, carbon nanotubes (CNTs), or inorganic oxide particles dispersed in the
suitable polymer matrix [4, 10–16]. The addition of conducting polymers (poly-
pyrrole, polythiophene, and polyaniline) to insulating matrix-polymer, produces
composites which have high dielectric constant [16]. These composites have dif-
ferent applications in the field of electronics like electronic packaging, angular
accelerometers, integrated decoupling capacitors, and acoustic emission sensors [4,
10, 17].

In the present chapter, we have focused on the effect of different factors on
dielectric properties of carbon–polymer composites.

2 Types of Carbon Fillers and Their Use in Polymer
Composites

Carbon fillers are available in different forms which are used for the reinforce-
ment (mechanical/electrical) of matrix polymer. The various forms of carbon
fillers are carbon black, graphite, carbon fiber, carbon nanotubes (CNTs), gra-
phene, reduced graphene oxide, and fullerenes [18–20]. Polymer–carbon
nanocomposites have attracted much attention to many researchers for their
potential applications in different fields. The incorporation of carbon filler into
polymer matrix enhances the electrical and mechanical properties, which are
well-known reinforcing effects of carbon fillers. There are many studies on
physical and structural properties of polymer composites containing several forms
of carbon. These carbon particles have different geometry, size, and physical
properties. The size of carbon fillers plays an important role to reinforce the
composite material due to their higher surface area. The CNTs improve the
mechanical and electrical properties significantly at relatively low loading com-
pared to other carbon fillers but carbon nanotubes have high cost. The significant
improvement in properties in case of CNTs is due to their high aspect ratio.
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3 Factors Affecting the Dielectric Properties
of Polymer–Carbon Composites

The dielectric properties of polymer–carbon composites can be affected by many
factors such as geometry, size, surface area, physical and chemical properties of
filler particles, interfacial interactions between the filler and matrix-polymer, filler–
filler, concentration of filler, mixing method, temperature, shear effects, composite
morphology, and frequency of operation [1, 18]. The fillers used for composite
preparation can be one/two/three-dimensional. The carbonaceous nanofillers such
as CNTs and graphene play an important role due to their superior functional and
structural properties such as high mechanical strength, high aspect ratio, and high
electrical properties [1]. We have discussed a few important factors in detail which
affects the dielectric/electrical properties of carbon–polymer composites.

3.1 Effect of Processing Conditions

The effect of processing conditions on dielectric properties of different polymer–
carbon composites is discussed here in detail. There are different processing con-
ditions which affect the dielectric properties of the polymer composites are as
follows: mixing method, amount of loading, shear effects, and temperature [18].
Ameli et al. have reported dielectric properties of polypropylene–MWCNT com-
posites and they have done a comparative study of dielectric properties of different
nanocomposites with and without foaming. The foaming is introduced to the
composite with the help of supercritical carbon dioxide (scCO2). Foaming can
improve different factors such as (i) filler distribution and dispersion in the com-
posite matrix, (ii) reduce the composite weight, and (iii) decrease the electrical
percolation threshold [21]. Figure 1 describes the difference in dielectric properties
of PP-MWCNT composites with and without foaming and also describes the
variations of permittivity (e′) and dielectric loss (tan d) against frequency for both
solid/foamed composites at different loadings of MWCNT. The change of dielectric
permittivity with frequency is marginal for solid composites at lower loadings (0
and 0.26%). But there is a change in dielectric permittivity with frequency for
composites containing MWCNT amount beyond 0.26%. However, foaming com-
posites show frequency-independent dielectric behavior for composites up to a
loading of 0.77% MWCNT, which shows that the change in the property is due to
the change in matrix density [21].

Dalmas et al. have reported the influence of processing conditions on electrical
properties and viscoelastic behavior of the flexible polymer–nanofiber composites.
They prepared the nanocomposites in two different ways/methods using
poly(styreneco-butyl acrylate), P(S-BuA) as the base matrix and cellulose
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nanofibrils/MWCNTs as filler. In both cases, suspensions of nanofillers were mixed
with the above latex. In the first process, the composite mixtures were cast in an
aluminum mold (Teflon coated) and dried at 35 °C under vacuum for 5 days to
evaporate water slowly followed by film (named as E) formation. In the other
method, the composite mixture was freeze-dried to make compact soft powder.
Then, film (named FP) was prepared by pressing the above compact powder at
100 °C for 5 min under a pressure of 1 MPa after 45 min. Thermomechanical
behavior of the above composites was studied with respect to cellulose nanofibrils/
MWCNT concentration. Figure 2 describes the effect of temperature on the storage
modulus of composites containing MWCNT filler of 1.5 and 3.0 vol%, which were
prepared by two methods (E/FP) as described above. The pristine P(S-BuA) matrix
is amorphous below glass transition temperature, Ta (281 K for E matrix). There is
a drastic reduction in shear modulus once it reaches the glass transition temperature

Fig. 1 Variation of a, b permittivity and c, d dielectric loss of solid/foamed PP-MWCNTs
nanocomposites with frequency. Reproduced with permission of Elsevier, Ameli et al. Carbon [21]
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(Ta). There is mechanical reinforcement with MWCNT loading irrespective of the
preparation methods and the effect of nanotube loading is moderate below Ta and
higher above Ta. The increase in thermomechanical stability with MWCNT loading
cannot be understood only from the interaction between polymer chains and nan-
otubes, but percolating nanotube network within composite should be taken into
account. Figure 3 illustrates the difference between an entangled contact and a
simple contact of two types of nanofibers. The elastic behavior of the structure
depends on the above entanglements. The FP composites also show similar
mechanical properties but these composites rapidly flow with temperature [22].

Scheme 1 explains the effect of processing conditions on thermomechanical
behavior of the composites. In the first process (E), the nanofibers rearrangement is
possible because of slow evaporation and presence of Brownian motions in sus-
pension. The final structure is fully relaxed and has entanglements between the
nanofibers. In case of second process (FP), the nanofiber movement in suspension
was first frozen, and during hot pressing rearrangement of these fibers was not
possible. In the final structure, there were very few entanglements leading to weak
thermomechanical stability. The entanglements are less if the polymer is more
viscous leading to weak strength. The increase in shear storage modulus is due to
stress transfer between the nanotubes and matrix polymer [P(S-BuA)].

Fig. 2 Variation of shear
storage modulus (G0) with
temperature (normalized) for
unfilled matrix P(S-BuA) and
composites filled with
MWCNTs. Reproduced with
permission of Elsevier, et al.
Composites Science and
Technology [22]

Fig. 3 Contact of two
different fibers in the process
of entanglement and simple
fiber–fiber contact.
Reproduced with permission
of Elsevier, Dalmas et al.
Composites Science and
Technology [22]
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3.2 Effect of Morphology

This section describes the effect of particle/composite morphology on dielectric
properties. Particles shape and size affects both the electrical and mechanical
properties of polymer composites/nanocmposites. There are many studies on the
effect of particle shape and/or size on the electrical properties of polymer com-
posites. Bai et al. have investigated the effect of MWCNTs length and aggregate
size on electrical and mechanical properties of composites based on epoxy resin
(Bisphenol A-epichlorhydrin) and aromatic hardener (triethylenetetramine) [23].
MWCNTs were prepared by CVD using benzene (source of carbon), ferrocene
(catalyst), thiophene (growth promoter), and hydrogen (carrier gas). The prepared
MWCNT nanotubes were treated chemically in three conditions (Treatment A:
MWCNTs dispersed in methanol solution under magnetic agitation; Treatment B:
MWCNTs passed through a 1 mm sieve without pressure followed by dispersion in
magnetically agitated methanol solution; Treatment C: MWCNTs forced through a
0.5 mm sieve with pressure) to get different lengths of nanotubes. The length of
nanotubes prepared through treatment 1, 2 and 3 are 50, 10, and 1 µm, respectively.
The structures of the above nanotubes are shown in the SEM image (Fig. 4).

The change in conductivity as a function of nanotube loading and three treatment
conditions are shown in Fig. 5. The effect of nanotubes length is clearly seen, both
on the shape of curves and on the transition of insulator-to-conductor transition.
Composites with type A MWNTs have better performance in terms of conductivity.
It is observed that composite with type A nanotubes shows percolation threshold
(conducting path formed due to nanotubes interconnection and aggregates) and at a
very low loading whereas type C composite shows a marginal change in

Scheme 1 Influence of processing conditions on nanofibers entanglements. Reproduced with
permission of Elsevier, Dalmas et al. Composites Science and Technology [22]
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conductivity up to 4 wt% loading. The length of MWCNTs has the measure role in
improving the electrical conductivity of composites/nanocomposites [23].

The effect of alignment of single-walled nanotubes (SWNTs) on electrical
properties is studied by Wang et al. [24]. The composites were prepared from
SWNTs and epoxy as the base matrix where the composites were stretched many
times (50–100) when it was half cured to get the SWNTs aligned. The electrical
properties of the composites with aligned SWNTs are compared with composites

Fig. 4 SEM images of
MWNTs after three different
treatment conditions.
Reproduced with permission
of Elsevier, Bai et al.
Composites Part A: Applied
Science and Manufacturing
[23]
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with the perpendicular SWNTs. The composites with aligned SWNTs have more
electrical conductivities and mechanical properties compared to the composites
with perpendicular SWNTs. There is also an increase in electrical conductivity with
the increase in the concentration of SWNTs. The variation of DC volume con-
ductivity of both types of SWNT/epoxy resin composites as a function of SWNT
concentration is presented in Fig. 6. The composite with aligned SWNTs loading of
0.5–3 wt%, conductivity changed from 5 � 10−9 to 1 � 10−6 S/cm, whereas the
composite with perpendicular SWNTs, the conductivity changed from 1 � 10−12 to
2.8 � 10−9 S/cm. The percolation thresholds of the epoxy–SWNT composites can
be determined from the first derivatives of logarithmic conductivity (electrical).
Figure 7a, b shows the variation of derivative log (conductivity) with two types of
SWNT loading. The percolation thresholds for epoxy–SWNT composite in the
SWNT aligning direction is 0.05 wt%, whereas 0.5 wt% in case of perpendicularly
aligned SWNT. The significant difference is due to the anisotropic electrical
property of CNT and ultrahigh aspect ratio [24].

Fig. 5 Variation of
conductivity of the
composites with different
concentrations of MWNTs
prepared by three different
treatment conditions.
Reproduced with permission
of Elsevier, Bai et al.
Composites Part A: Applied
Science and Manufacturing
[23]

Fig. 6 Variation of DC
volume conductivity with
SWNT loading for epoxy/
SWNT composites:
(A) aligned SWNTs and
(B) perpendicular SWNTs.
Reproduced with permission
of Elsevier, Wang et al.
Composites Science and
Technology [24]
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3.3 Effect of Frequency and Filler Concentration

The concentration of filler particles in polymer composite is an important parameter
to control the bulk properties of polymer composites/nanocomposites. The elec-
trical and mechanical properties can be tailored by varying the concentration of
filler with respect to the base polymer matrix. Frequency is also another parameter
which affects the dielectric properties of polymer composites. The effect of
frequency on permittivity at room temperature has been studied by Dang et al. for
PVDF-trifluorophenyl (TFP) functionalized MWNTs composites. They found that
the value of dielectric permittivity is 900 at 102 Hz for PVDF-TFP-MWNT com-
posites with loading of ca. 0.08 (percolation threshold) which is 90 times larger
than neat PVDF. Moreover, it is observed that the maximum permittivity is more
than 8000 at 100 Hz for composite with a loading of ca. 0.15, which is approxi-
mately four orders of magnitude larger than the value for neat PVDF. The loading
of ca. 0.08 fulfills the percolation limit whereas the composite was still electrically
insulating due to thin layer of insulating PVDF. There is significant dielectric
relaxation observed with the increase in frequency between 102 and 104 Hz
(Fig. 8). High permittivity at low frequency is due to the accumulated charge
carriers at the interface (Maxwell–Wagner–Sillars effect) which may produce
heterogeneous capacitors. However, the permittivity of PVDF-MWNT composites
was dominated by PVDF, when the frequency was more than 105 Hz. Dang et al.
have also studied the effect of TFP-MWNT concentration with dielectric permit-
tivity at a frequency of 1 kHz and at room temperature (Fig. 9). It is observed that
both conductivity and permittivity increased with the increase in the concentration
of TFP-MWNT in PVDF matrix whereas there is a sharp increase in dielectric
permittivity once it reached the threshold limit (ca. 0.08). The dielectric permittivity
reaches a maximum at loading of ca. 0.15 beyond which there is a sharp decrease in
the value of dielectric permittivity [25].

Fig. 7 Variation of derivative log (conductivity) with SWNTs (two types) loading for SWNT/
epoxy composite: a aligned SWNTs and b perpendicular SWNTs. Reproduced with permission of
Elsevier, Wang et al. Composites Science and Technology [24]
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Seo et al. have studied the rheological behavior and electrical resistivity of CNT
filled polypropylene composites. They found that there is a decrease in DC resis-
tivity with an increase in the concentration of carbon nanotubes in polypropylene
matrix (Fig. 10). However, there is a significant reduction in resistivity observed at
2 wt% of carbon nanotubes loading. The significant change in resistivity is due to
the formation of MWNTS interconnects. This indicates that there is a high per-
centage of electron flow through the specimen due to the formation of an inter-
connecting conductive pathway at a loading in between 1 and 2 wt% of MWNT.
There is a marginal decrease in resistivity which is observed with a further increase
in the concentration of MWNTs in polypropylene matrix [26].

Song et al. have studied the influence of dispersion states of CNTs on the
physical properties of epoxy composites. They have studied the dispersion of CNTs
in epoxy resin matrix with/without solvent and found that composite with solvent
shows better dispersion compared to the composite prepared without solvent
(Figs. 11 and 12). Figure 11a shows the TEM image of epoxy–CNT composites
prepared with solvent whereas Figs. 11b and 12 show the FESEM images of

Fig. 8 Variation of
permittivity with frequency
for TFP-MWNT/PVDF
composites at room
temperature, when the volume
fraction of TFP-MWNTs is
a 0–0.15 and b 0–0.08. Inset
in (b) shows variation of
permittivity with frequency at
room temperature when the
volume fraction of
TFP-MWNTs was 0–0.04.
Reproduced with the
permission of Wiley-VCH
Verlag GmbH and Co.
KGaA., Dang et al. Advanced
Materials [25]
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Fig. 9 Variation of
conductivity and permittivity
with TFP-MWNT volume
fraction in TFP-MWNT/
PVDF composites, measured
at room temperature and
103 Hz. Reproduced with the
permission of Wiley-VCH
Verlag GmbH and Co.
KGaA., Dang et al. Advanced
Materials [25]

Fig. 10 Variation of volume
resistivity with MWNT
loading for MWNTs/PP
composites. Reproduced with
permission of Elsevier, Seo
et al. Chemical Physics
Letters [26]
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epoxy–CNT composites prepared with and without solvent, respectively. FESEM
samples were chosen from the tensile fractured samples. Agglomerations are
observed in case of composites prepared without solvent (Fig. 12). The white
portion in Fig. 12a represents the agglomeration part and one part (rectangle in
Fig. 12a) is enlarged and showed in Fig. 12b in order to verify the existence of the
CNTs. The dispersion of CNTs in the epoxy matrix also affects the electrical
conductivity of the composites. The well-dispersed composite shows better/more
electrical conductivity compared to the poorly dispersed composites (Fig. 13) [27].
There are six orders of magnitude increase in conductivity with loading up to 1.5 wt
% CNTs for both poor and well-dispersed composites. However, well-dispersed
composites show one order more conductivity compared to the poorly dispersed
composites. So, the well-dispersed CNTs form the conducting path due to their
homogeneous dispersion than the poorly dispersed composites. It is observed that
the percolation limit is seen at a lower loading of 0.5 wt% or less which is more
lower than the conventional composites [27].

Potschke et al. studied the rheological and dielectric properties of melt mixed
polycarbonate–MWCNT composites. They have prepared the composites of
MWCNT and polycarbonate (PC) by melt mixing technique. The dielectric
measurements were carried out at room temperature in the frequency range of
10−3–107 Hz and results presented in Fig. 14. The effect of both frequency and
MWCNTconcentrationwith the real part permittivity (e′) and real part of conductivity
(d′) is described in Fig. 14. The PC-MWCNT composites show two types of
behaviors which change with the concentration of MWCNT in PP matrix.

Fig. 11 a TEM and b FESEM images of fractured surface of composites prepared by using
solvent. Reproduced with permission of Elsevier, Song et al. Carbon [27]
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The composites with less than 1.0 wt% of MWCNT show nearly constant e′ value,
whereas composites with 1.0 wt% or more loading show frequency-dependent
behavior. The significant difference is also seen in conductivity spectra. The perco-
lation in composites is observed in between 0.875 and 1.0 wt% [28].

Fig. 12 FESEM images of
CNTs/epoxy composites
prepared without using
solvent. Reproduced with
permission of Elsevier, Song
et al. Carbon [27]

Fig. 13 Electrical
conductivity of composites
with different degrees of
CNTs dispersion as a function
of carbon content.
Reproduced with permission
of Elsevier, Song et al.
Carbon [27]
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3.4 Effect of Temperature

The permittivity of any material depends upon the orientation of the permanent
dipoles. The dipoles can be orientated by the change in temperature leading to a
change in permittivity of the material. However, the change in permittivity with the
increase in temperature does not follow the same path. The increase in permittivity
with an increase in temperature is due to the increase in mobility of bound charges
such as interfacial space charges and induced dipoles. The thermal excitation of
these charges with an increase in temperature is the main reason for the increase in
permittivity. The decrease in permittivity beyond a certain temperature is due to the
effect of thermal expansion of matrix leading to a decrease in charge density. The
electrical conductivity of polymer composites also increases with the increase in
temperature but up to the certain limit as reported in the previous literature reports
[29–32].

The effect of temperature on dielectric properties of the TFP-MWNT/PVDF
nanocomposites has been studied at 1 kHz by Dang et al. There is an increase in

Fig. 14 Variation of
permittivity and conductivity
with frequency for
PC-MWCNT composites at
different concentrations of
MWCNT. Reproduced with
permission of Elsevier,
Potschke et al. Polymer [28]
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both dielectric permittivity and loss with the increase in temperature, which is due
to the induction of polarization at high temperatures (Fig. 15). The permittivity and
loss of TFP-MWNT/PVDF composites with a loading of 0.06 (volume fraction)
increased with the temperature above 70 °C. The composite with a loading of 0.08
(volume fraction) always shows higher permittivity and loss compared to other
composites over a wide range of temperature, −50 to 150 °C. The dielectric per-
mittivity at percolation threshold maintained a stable value of 550 with a temper-
ature range of 0–100 °C [25]. Yousefi et al. have studied the effect of temperature
on permittivity and conductivity of rGO/epoxy nanocomposites and represented in
Fig. 16a, b, respectively. Neat epoxy and rGO/epoxy nanocomposites at a loading
of 0.1 wt% of graphene have very low permittivity value (approx. 5) whereas there
is a significant increase in the permittivity value at a loading of 0.5 wt% of gra-
phene (Fig. 16a). The rGO/epoxy nanocomposites maintained high permittivity at
all temperatures (Fig. 16b). There are peaks at about 70–80 °C, especially in
composites with high rGO concentration, which coincides with the Tg, of com-
posites. The permittivity of any polymer shows a peak at Tg as a result of molecular
a-relaxation. The activation and orientation of the dipoles are responsible for the

Fig. 15 Variation of
permittivity and tan d with
temperature of TFP-MWNT/
PVDF nanocomposites at
103 Hz. Reproduced with
permission of Wiley-VCH
Verlag GmbH & Co. KGaA.,
Dang et al. Advanced
Materials [25]
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above peak when molecules start to vibrate vigorously. Figure 17 shows the effect
of temperature on the electrical conductivity of rGO/epoxy nanocomposites. There
is a significant increase in conductivity observed for composites with an increase in
temperature (ambient to 100 °C) at low loading of graphene. However, there is a
marginal change in conductivity with temperature for composites at higher loadings
of 1.0 wt% or more [20].

3.5 Effect of Applied Pressure

The dielectric/electrical properties of polymer composites/nanocomposites are
affected by external stress/pressure. The decrease/increase in conductivity/
resistivity and dielectric properties may depend on type and nature of the matrix
polymer and filler type. In case of conducting polymer composites, the electrical
conduction mainly depends on the electrons/holes, where conductivity increases

Fig. 16 Variation of dielectric constant with a frequency and b temperature for rGO/epoxy
composites. Reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA., Yousefi
et al. Advanced Materials [20]

Fig. 17 Variation of
conductivity with temperature
for rGO/epoxy composites.
Reproduced with permission
of Wiley-VCH Verlag GmbH
& Co. KGaA., Yousefi et al.
Advanced Materials [20]
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with the increase in the applied stress [33]. However, the electrical conductivity of
insulating polymer composites increases with the external stress/pressure, where the
electrical conduction is due to the ionic charge carriers [34]. The effect of pressure
on the electrical properties of polymer composites has been studied by many
researchers. Mohanraj et al. have studied the effect of pressure on AC conductivity
(rac) of SBR-particulate metal alloy nanocomposites and found the conductivity
increased with increase in pressure. They have also studied the effect of constant
stress for a certain time and found that after a particular time, there is a marginal
change in conductivity [30]. A similar study on CNT-PEEK composites has been
reported in the literature [31, 32].

Hu et al. have reported the effect of external pressure on the change in resistance
of PDMS/MWNT composites. Figure 18 demonstrates the change in relative
resistance of PDMS/MWNT nanocomposites with different MWCNT loadings.
There are different responses to the change in relative resistance of different PDMS/
MWNT composites by the applied stress/pressure. The aspect ratio of the used CNT
was about 1000, so they form entanglement in the composites as seen in Fig. 19.
After the application of external pressure, these CNTs inside composite may bend
further and have larger curvatures (inset of Fig. 18) followed by change in resis-
tance of the composites. It is observed that the MWCNT mat also shows a change
in resistance with pressure (Fig. 19). The MWCNT mat was deposited from an
ethanol suspension. So, there are gaps in between the nanotubes and these gaps can
be compressed under applied pressure and create a better contact in between the
nanotubes. The applied pressure causes the CNTs to bend further and leads to an
increase in resistance up to 1 MPa but there is a marginal change in resistance

Fig. 18 Variation of relative resistance with applied pressure on MWCNT/PDMS composites
with different concentrations of MWCNT, where R0 is the ambient condition resistance. Inset:
schematic representation of the MWCNT networks in PDMD composite before and after
application of external pressure. Reproduced with permission of AIP Publishing, Hu et al. Applied
Physics Letters [35]
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beyond a pressure of 1 MPa. It is also observed that the composites with lower
MWCNT loadings have more resistance change under the same applied pressure.
The modulus of PDMS/MWNT composites is more for composites with higher
loading. Therefore, composites with lower MWCNT loading experience greater
curvatures than those in high loading composites. This is the reason why com-
posites with low loading show more resistance change than the composites with
high loading at same pressure [35]. Hwang et al. have studied the effect of applied
pressure on the resistance change of Poly(3-hexylthiophene) wrapped CNT/poly
(dimethylsiloxane) [P3HT-MWCNT/PDMS] composites which can be used as
finger-sensing piezoresistive pressure sensors. They have studied the effect of
pressure on the change in resistance of three different types of composites
(Fig. 20b). These composites differ from each other by the difference in weight
fraction of P3HT (1, 2, and 3 wt%) where the concentration of MWCNT remains
constant (1 wt%) in all composites. Figure 20a shows the schematic representation
of the experimental setup used for determination of piezoresistive properties. The
resistance change with applied pressure can be explained by two factors: (i) for-
mation of new conducting networks or (ii) destruction of existing conductive net-
works. The composites with spherical conducting fillers induce the formation of
conducting networks upon applied pressure. Therefore, the relative resistance
decreases with applied pressure in above composites. In contrast, composites with
high aspect ratio fillers (e.g., MWCNT) destruct the existing conducting network,
and hence, relative resistance increases upon the application of external pressure. In
the present case, the filler particles are dispersed well and a low percolation
threshold observed due to P3HT wrapping leading to a “PPC” effect over the
pressure range of 0–0.12 MPa (Fig. 20b). The average distance between MWCNTs
particles in composite with a 3:1 ratio of P3HT:MWCNT was larger than that of the
1:1 P3HT:MWCNT composite (Fig. 20c, d). Therefore, there is a significant
change in resistance as seen in Fig. 20b due to the increase in the concentration of
P3HT [36].

Fig. 19 SEM image of
fractured surface of
PDMS-MWCNT composite
with 5 wt% CNT loading.
Reproduced with permission
of AIP Publishing, Hu et al.
Applied Physics Letters [35]
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3.6 Effect of Electric Field (Poling)

The process in which dipoles are oriented in the same direction by the application of
high voltage is known as poling. The direction along which the dipoles align is
known as the poling direction. Sa-Gong et al. have studied the effect of poling on
piezoelectric properties of epoxy (Ecogel)–PZT composites. The conducting par-
ticles (carbon/germanium/silicon) were added to the above composites to control
the conductivity. Rapid poling at low voltages is possible by controlling the con-
ductivity, resulting in properties comparable with the composites prepared without
a conductive phase. Figure 21 shows the electrical resistivities of the carbon–
polymer, germanium–polymer, and PZT–polymer composites with/without con-
ductive phase where all measurements were done at a poling temperature of
100 °C. The resistivities of Ecogel polymer (epoxy) and PZT are also listed for
comparison. The resistivity of Ecogel polymer is reduced by order of magnitude by
the addition of a small amount of germanium or carbon. The resistivity of polymer–
PZT composite also decreases with the addition of germanium or carbon. Figure 22

Fig. 20 a Schematic representation of experimental setup used for the determination of
piezoresistive properties; b variation of relative resistances with applied pressure for
P3HT-MWCNTs/PDMS composites at different ratios of P3HT:MWCNTs; and c, d SEM images
of P3HT-MWCNTs/PDMS composites with two different ratios (1:1 and 3:1) of P3HT:MWCNTs.
Reproduced with permission of Elsevier, Hwang et al. Carbon [36]
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describes the change in d33 coefficient as a function of poling voltage for composite
containing 68.5 vol% PZT, 1.5 vol% carbon, and 30 vol% Ecogel 1365-0. All the
composites were poled at 100 °C for different times and found that the d33 coef-
ficient value increases with the poling voltage and saturated at about 35 kV/cm. It is
also observed that 5 min poling duration is enough for a composite [37].

Park et al. have developed flexible and large-area nanocomposite generators
(NCGs) based on PZT particles and CNTs. The NCGs were prepared from a
composite of PDMS (Sylgard 184), PZT particles, and carbon nanotubes. The
above NCG was sandwiched between two layers of PDMS dielectric followed by
two layers of ITO coated PET substrates and subjected to poling at 140 °C by
applying an external electric field from 0.5 to 2 kV for 12 h. Figure 23 shows the
measured output voltages of NCG devices poled by an external electric field

Fig. 21 Resistivity of the
PZT, the Ecogel polymer
(1365-0), and several other
composites measured at
poling temperature.
Reproduced with permission
of Taylor & Francis Group,
Sa-Gong et al. Ferroelectrics
Letters Section [37]

Fig. 22 Variation of
piezoelectric coefficient of
PZT–carbon–Ecogel
composite with poling field.
Reproduced with permission
of Taylor & Francis Group,
Sa-Gong et al. Ferroelectrics
Letters Section [37]
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of 0, 500, and 1000 V. Low output voltage for the non-poled NCG device increases
to 8.2 V, when the device is poled at 140 °C under 1000 V for 12 h. The amplitude
of the current signal also increases as a function of poling voltage (Fig. 23d) [38].

4 Summary and Conclusions

Polymer–carbon composites are promising materials with emerging applications in
various fields such as nanotechnology, materials science, and electronic applica-
tions (e.g., EMI shielding). However, different types of composites need to be
prepared from various polymers and carbon fillers like carbon black, carbon nan-
otubes, and carbon fiber to fulfill the application requirement. This chapter focused
on different types of carbon fillers and their polymer-based composites and

Fig. 23 a The measured output voltage before poling process. b, c After poling process at 500 V
(b) and 1 kV (c), the converted output voltage from periodical bending/unbending deformation.
d Output voltage and current signals measured from NCG device as a function of poling voltage.
By increasing poling voltage, outputs also gradually increase up to *10 V. Reproduced with
permission of Wiley-VCH Verlag GmbH & Co. KGaA., Park et al. Advanced Energy Materials
[38]
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nanocomposites. The above chapter also described many factors which affect the
dielectric properties of polymer–carbon composites. Based on the above factors, a
proper composite can be designed for a particular application.
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Thermal Properties of Polymer–Carbon
Nanocomposites

Ayippadath Gopi Jineesh and Sunita Mohapatra

Abstract Carbon-based nanomaterials are widely used in polymer nanocomposites
with enhanced properties. The dispersion of carbon nanomaterials and their inter-
action with the polymer can be improved by the surface functionalization of the
carbon nanofillers, optimum processing conditions, and the methods of preparation
of nanocomposites. Carbon nanofillers such as carbon nanotube (CNT), graphene,
fullerene, and carbon nanofiber (CNF) can influence the thermal stability of the
polymer matrix due to several mechanisms acting between the carbonaceous fillers
and the basic polymer matrix. Optimum loading of carbon nanomaterials and
proper interactions at the interphase between polymer and fillers can increase the
thermal stability to a greater extent. Carbon nanomaterials can also impart changes
in glass transition temperatures, crystallization temperatures as well as the extent of
crystallinity of the polymer phase in the composites.

Keywords Carbon nanotube � Graphene � Carbon nanofiber � Fullerene
Nanocomposites � Thermal properties

1 Introduction

Polymer nanocomposites are “the combination of polymer matrix and fillers that
have at least one dimension in the nanometer range”. The fillers can be of
one-dimensional—(nanotubes), two-dimensional—(nanoclay), or three-dimensional
particles (spherical nanofillers). The large surface area to volume ratio of the
nanofillers is one of the reasons behind the outstanding mechanical properties of the
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polymer composites even with the incorporation of small amount of nanofillers.
Nanofillers can also be used to improve thermal resistance, scratch resistance, barrier
resistance, and flame resistance of the polymer matrix. Nanofillers can introduce
significant changes in the optical, magnetic, and electrical characteristics of the
polymer. The dimension of the nanoparticles, surface chemistry of nanoparticles,
and the dispersion of the particles in the matrix, play major roles in deciding the
properties of the polymer nanocomposites [1–3].

To formulate ideal nanocomposites for specific applications one should follow
the procedures given below.

a. Appropriate selection of nanomaterials and their loadings in polymer matrix.
b. Optimize the level of dispersion of the nanomaterials in the polymer phase to get

the desired phase morphology.
c. Appropriate surface modification of nanofillers which depends on the type of

filler and the matrix.
d. Selection of proper processing/fabrication techniques for the polymer

nanocomposites.

The discovery of fullerene buckyballs in 1985, the discovery of graphene, and
surprised properties of carbon nanotubes attracted the attention of the scientists and
engineers in the field of polymer technology. Polymer–carbon nanocomposites
attracted a great interest in the electronic, automobile, space, and biomedical
industries owing to their specific properties [4]. A slight change in electronic or in
macroscopic structure of carbon leads to fascinating properties. Carbon thin-films
can be used to prepare micro-arrays for microscopy and micro-electromechanical
systems [5] and electrodes for sensor applications at high temperatures [6]. But
agglomeration of carbon nanotubes, nanofibers, and graphene in the polymer matrix
is a major concern in the fabrication/preparation of polymer composites. Chemical
modifications/surface functionalization methods are used to address these problems
and these modification leads to properly dispersed polymer–carbon nanocomposites
with better polymer–filler interactions [7]. The different types of carbon nanofillers
used in the preparation of polymer composites are zero-dimensional (fullerene),
one-dimensional (carbon nanotubes and carbon nanofibers), two-dimensional
(graphene), and three-dimensional (graphite) fillers. The graphical representations
of the structures of these fillers are shown in Fig. 1.

2 Thermal Properties of Polymers and Their
Nanocomposites

2.1 Thermal Stability of Polymers and Nanocomposites

Performance during the usage of materials decides the real fate of those products in
indoor and outdoor applications. The durability is an important characteristic of the
polymeric materials because it determines property retention during their lifetime,
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maintenance, and replacement of the polymeric materials during their life period,
etc. Polymers degrade at low temperatures compared to ceramics and metals. This
limits their applications in the high-temperature environment.

Thermal degradation of polymers occurs via different possible mechanisms such
as random scission, depolymerisation, and side group elimination. Random scission
occurs through the production of free radicals in the polymer, which causes frag-
mentation of the polymer molecules into smaller molecules with dissimilar chain
lengths [8]. Side group elimination involves the elimination of atoms or molecules
from the backbone of polymer chain, by leaving an unsaturated chain [9, 10].
Thermogravimetric analysis (TGA) is one of the popular methods used to learn the
degradation behavior of polymers. The experimental indices used to characterize the
thermal degradation/stability properties of neat polymers and their composites are

Ti (onset degradation temperature): The temperature at which the degradation starts
and this has been demarcated by the temperature, at which the decline in the mass
percentage of the material commences in the mass percentage versus temperature
graph.

Fig. 1 Representation of a graphene b graphite c carbon nanotube (CNT) d buckminsterfullerene
(The geometries were modeled using Nanotube Modeler, ©JCrystalSoft Trial version)
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T5: This is the temperature at which the 5% mass loss occurs at the early stage of the
degradation of the sample.
T50: The temperature at which half of the mass is lost.
Td: the temperature at which maximum weight loss occur at different stages.

In recent years, it has been found that nanoparticles filled composites with less
amount of nanofillers exhibit remarkable improvement of thermal and other prop-
erties compared with neat polymers and their micro-composites [11–14]. The major
reasons behind the enhancement of thermal stability of polymer nanocomposites are
given below

(a) The barrier effect of nanofillers to heat and mass transfer is one of the major
mechanisms behind thermal stability of nanocomposites. Nanoparticles act as
thermal barrier and this prevents the polymer from degradation due to heat.

(b) Nanoparticles which also act as a barricade to mass transfer reduces the dif-
fusion of the gaseous products derived from the initial stage of degradation of
polymer matrix.

(c) Polymer/nanoparticles interphase also reduces the molecular mobility of
polymers which also leads to better thermal stability.

(d) Trapping of free radicals generated during the degradation of the matrix [15].
(e) Combined physical and chemical mechanisms enhance the thermal stability of

polymer nanocomposites [12].
(f) Nanoparticles can also absorb the volatile degradation product either physically

or chemically to enhance the thermal stability of polymer nanocomposites
[16, 17].

2.2 Transition Temperatures of Polymers
and Nanocomposites

The transition of any amorphous polymer from the glassy into the liquid state is
escorted by sharp jump in the heat capacity. The temperature at which this transition
takes place is called glass transition temperature (Tg). The macromolecular chains
befall mobile, and the polymer can relax by changing toward its more stable shape
in the vicinity of the Tg. The interfacial area between polymer and the nanofillers is
huge in nanocomposites and the interaction of the polymer with the nanofillers
induces changes in the chain mobility and relaxation dynamics. This results a
change in Tg of the polymer [18, 19]. Confinement effect in the polymer
nanocomposites due to the nanofillers induces changes in the transition temperature
of a polymer and the changes can be even tens of degrees [20–22]. The type of
interaction and the extent of interaction between the surface of the nanofiller and the
polymer chain define the extent of mobility of the polymer segments. The nature of
bulk polymer and the polymer–nanofiller interphase are quite different. The volume
fraction of the interphase in the nanocomposites also increases with the increase in
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the interface area between polymer and nanofillers. These factors are the reasons
behind the remarkable changes in the nanocomposite properties [23]. Recent reports
showed that the Tg increased for the nanoparticles with attractive polymer–nano-
filler interaction [24, 25], and decreased with repulsive interaction between matrix
and fillers [26, 27]. Qiao et al. [28] studied the effect of agglomeration of particle on
the glass transition temperature of polymer nanocomposites using finite elemental
method. Volume fraction of the polymer–nanofiller is reduced with increase of the
agglomeration of fillers. This may be the reason behind less change in the Tg of the
nanocomposites with agglomerated nanoparticles compared to properly dispersed
nanocomposites. Fundamental information on the influence of confinement and
interfacial interaction between the nanofiller and the polymer chains on the char-
acteristics of the nanocomposites is very vital in different industrial applications.
For example, the differences in the dynamic modulus and Tg of the elastomer
nanocomposites with respect to neat polymer matrix have significant effects upon
the rolling resistance and wet skid traction of tire tread in tire applications [19, 29].
Molecular simulations and experiments proved that the Tg’s of polymer
nanocomposites can be increased or decreased by creating suitable polymer–
nanofiller interactions [27]. To determine transition temperatures of polymers and
nanocomposites, dynamic mechanical analysis (DMA), and differential scanning
calorimetry (DSC) are used.

Crystallization of polymers involves nucleation and growth mechanisms. The
incorporation of a second phase in the polymer matrix has an intense effect on the
crystallization nature of the polymer. The effects include acceleration/deceleration
of crystallization, changes in the crystal structure and spherulites. In nanocom-
posites, the size of the second phase matches the sizes of the polymer chains and
even the small amount of nanofiller can significantly alter the crystalline behavior of
polymers [30]. Techniques like DSC, X-ray diffraction, and nuclear magnetic
resonance can be used to investigate the crystallization reactions and mechanisms
under isothermal and non-isothermal conditions [30].

Avrami’s theory of phase transformation can be used to learn and interpret the
isothermal crystallization of polymers.

1� Xt ¼ exp �Ktnð Þ; ð1Þ

where ‘n’ is the Avrami exponent, Xt is the fractional crystallization at time t and
K is the rate constant [31, 32].

To study non-isothermal crystallization behavior of polymers, Ozawa equation
[33] is being used.

1� Xt ¼ exp �K Tð Þ=umð Þ; ð2Þ

where Xt is the fractional crystallization at time t, u is the cooling rate and K(T) is
the cooling rate function. The crystallization activation energy can be measured
using Kissinger’s method [34]. Crystallization of polymers depends not only on the
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crystallization environment but also the presence of other ingredients in the
molecular phase.

Nanoparticles can act as heterogeneous nucleating agents for different types of
semi-crystalline polymers [35, 36]. The large amount of nucleating effect of
nano-sized fillers is mostly due to their large surface areas and aspect ratios. These
conditions initiate the crystallization at elevated temperature by decreasing the
thermodynamic barrier energy for nucleation [37, 38]. Nanoparticles can induce
unique crystalline morphologies in the polymer due to their geometrical effects [39,
40]. For example, (Multi-walled carbon nanotube)/nylon 66 nanocomposites looks
like “nano-hybrid shish kebab” in which carbon nanotube is the shish and nylon 66
crystals is the kebab [40–42]. Melting temperature also depends on the crystalline
behavior of the polymers. So the change in crystallization due to nanofiller incor-
poration also leads to change in melting behavior of the polymers.

3 Thermal Properties of Polymer–Carbon Nanotube
Composites

Carbon nanotubes possess very high aspect ratio (>1000). CNTs also possess high
modulus and tensile strength. They show comparatively less mass density. Carbon
nanotubes can be classified into different types depending on their structure and
their representation is shown in Fig. 2.

Fig. 2 Visualization of a SWCNT b DWCNT c MWCNT (The geometries were modeled using
Nanotube Modeler, ©JCrystalSoft Trial version)
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The morphology of SWCNTs can be visualized by wrapping a graphene layer
into a cylinder. MWCNTs consist of number of concentric graphene layers which
are bounded with weak van der Waals forces. MWCNTs have relatively less tensile
strength and modulus than SWCNTs. Single-walled CNTS have diameters in the
range of 20–100 nm which is generally lower compared to MWCNTs. MWCNTs
are stiff because of their thick cross-section than SWCNTs. MWCNTs and
SWCNTs can act as reinforcing fillers and they also increase the thermal properties
of polymers [43]. The key methods to prepare carbon nanotubes are catalytic
methods, arc-discharge method, and laser ablation techniques. Among these
methods catalytic methods and laser ablation techniques yield high purity nan-
otubes with desired structure. Higher amount of CNTs can be prepared by chemical
vapor deposition (CVD) which is a catalytic method. This process possesses rea-
sonable potential for the industrial production of carbon nanotubes [44]. Few
specific characteristics of CNTs are listed in Table 1.

3.1 Thermal Stability of Polymer/Carbon Nanotube
Nanocomposites

CNTs show promising characteristics for various applications such as microelec-
tronics applications, biosensors, and hydrogen storage, etc. So it is quite important
to gain knowledge about the thermal stability of polymer–CNT composites [45–
48]. Liu et al. [49] studied thermal stability of CNTs and showed that the SWNTs
placed in air for 5 days at very high temperatures were changed into the amorphous
carbon. It indicates that SWNTs were unstable in hot air and easily oxidized. Xu
et al. [50] studied the heat capacity (Cp) of CNTs with dissimilar sizes. The results
showed that Cp increases with decrease in the length of CNTs when the diameters
of CNTs were in between 60 and 100 nm. But when the length of CNT is in
between 1 and 2 lm, Cp is independent of CNTs diameters. Similarly when the
diameter is below 10 nm, Cp of CNT is independent of its length. DSC analysis of
CNTs with different dimensions showed that the release of heat during thermal scan

Table 1 Properties of carbon nanotubes [44]

Property SWCNT DWCNT MWCNT

Tensile strength (GPa) 50–500 23–63 10–60

Elastic modulus (TPa) *1 – 0.3–1

Elongation at break (%) 5.8 28 –

Density (g/cm3) 1.3–1.5 1.5 1.8–2.0

Electrical conductivity (S/m) *106 *106 *106

Thermal stability >700 °C (in air) >700 °C (in air) >700 °C (in air)

Average diameter 1 nm *5 nm *20 nm

Specific surface area 10–20 m2/g – –
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increases with the increase in diameter of CNT, and independent of the lengths of
CNTs.

Thermal stability of polymers can be enhanced by the incorporation of carbon
nanotubes. The enhancement in the thermal resistance is attributed to different
mechanisms such as physical absorption effect, absorption of free radicals by CNT,
reduction of mobility of molecular chains, etc. This absorption causes a reduction in
the volatilization of polymer without affecting the onset degradation temperature
[8]. Free radicals produced during the degradation of polymer may be entrapped/
absorbed by CNT that also leads to the improvement in polymer stability [51]. The
mobility of the polymer chains also decreases in the presence of CNTs. This
stabilization effect in polymer due to carbon nanotube is similar to the effect of
layered silicate in polymer even though there is no intercalation mechanism
between CNT and polymer chains [51, 52]. This effect is clear in the degradation of
polymer–CNT nanocomposites in inert condition and it is proved by displaying a
change of onset degradation temperature towards high temperatures [53]. Marosfői
research group studied the thermal stabilization effect of nanofillers in composites
and proved that the improved interfacial connections between the nano-additive and
polymer, direct to an enhancement in the activation energy of degradation which
prevents the early degradation of polymer chains [54]. They observed that the
presence of MWCNTs delayed volatilization under the heat without modifying the
degradation mechanism. Thermal degradation of the polymer–CNT composites in
the air was deferred by about 100 °C and it was independent on the amount of
loading of CNT [55, 56]. The stabilization effect is due to the generation of a thin
layer of char made up of MWCNT/polyaromatic carbon which acts as a protective
layer in composites. This char is the association of isolated MWCNTS knotted to
form a nonwoven configuration [52]. Chipara et al. [57] proved that the concen-
tration of the nanofiller is also a major reason behind the enhanced thermal stability.
The results showed the connections between polymer chains and CNTS lead to the
generation of polymer–nanoparticle interface. This creation of polymer–filler
interface reduces the thermal degradation and enhances the thermal stability. But in
some studies, the incorporation of carbon nanoparticles accelerated the com-
mencement of polymer disintegration under oxidative environment [58]. This is
attributed to the presence of the trace amount of inorganic elements in the
nanoparticles [59]. The thermal degradation nature of polymer/carbon nanotube
composites also depends on the nature of surface modification of the CNTs [60,
61]. The reactive chemical modifications lead to enhanced distribution of nano-
fillers in the matrix. This can change degradation pathway of the nanocomposites
and leads to a better thermal stability. For example, the thermal strength of poly-
imide can be enhanced with the incorporation of plasma-modified CNTs with
maleic anhydride. This is achieved through better dispersion of CNTs in the
polyimide as well as the chemical/physical binding among CNTs and polyimide
molecular chains [62]. Surface modification of CNTs using amine groups signifi-
cantly enhanced the thermal resistance of the epoxy matrix due to the covalent
interaction between the surface modifier and macromolecular chains of epoxy
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polymer [63]. Transmission electron micrographs of carboxylic acid functionalized
SWCNT-filled PU/PVC nanocomposite in Fig. 3 show that carbon nanotubes are
properly dispersed in the polymer matrix.

Functionalization of the CNT is important to reduce the agglomeration and to
increase the interfacial surface area connecting CNTs and the matrix. The modifi-
cation of CNTs is classified into covalent or non-covalent based on the bonding to
the nanotube surface to the polymer matrix. Non-covalent modification includes
physical adsorption of molecules and/or polymer wrapping to the surface of the
CNTs. For example, the graphitic sidewalls of CNTs allow the interaction with
conjugated polymers such as poly (phenylene vinylene). Similarly the graphitic
sidewalls also provide an interaction with polymers containing hetero-atoms with
free electron pair such as poly(3-hexyl)selenophene [65]. Ma et al. [66] proved that
0.25% of silane-modified CNT improves the T5, and Td of epoxy polymer. Also
modification of CNT shows better thermal stability than unmodified CNT-epoxy
nanocomposites. The physical barrier effect is prominent in the silane-CNT com-
posite due to the enhanced degree of cross-linking reactions by the epoxy polymer
and the end-groups of silane-CNT than the untreated-CNT counterpart. Barick et al.
[67] studied the temperature resistance of Thermoplastic Polyurethane (TPU)-car-
boxylic acid functionalized multi-walled carbon nanotube nanocomposites prepared
by melt incorporation method. The results shown in Fig. 4 indicate that the thermal
stability of the TPU is significantly enhanced by the inclusion of the MWNT. This
increase is due to the outstanding thermal stability of CNTs as well as the con-
nections between the TPU matrix and the carboxylic acid portion on the shell of
MWCNT.

Fig. 3 Transmission electron micrographs of carboxylic acid functionalized SWCNT filled PU/
PVC nanocomposite at different loadings of nanotube. Source [64]
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3.2 Transition Temperatures of Polymer/CNT
Nanocomposites

The choice of a given application of a polymer nanocomposite is also based on the
glass transition temperature (Tg). The Tg dictates the potential application of a given
polymer as a function of the service temperature range. Table 2 consists of the
collection of data from few literatures on glass transition temperature of the CNT/
polymer composites.

Pham et al. [70] studied the influence of the incorporation of both functionalized
and pristine SWCNTs in the polystyrene matrix. The incorporation of fillers, irre-
spective to the functionalization increases the Tg of the polymer. In addition to that,
the width of the glass transition, as measured using DSC, is broader for the SWNT
nanocomposites than for the virgin polymer. Using molecular dynamics simula-
tions, Wei et al. [74] showed that the enhancement in Tg due to the insertion of
nanofillers into the matrix is associated with the higher density of the nanocom-
posites over the polymer. The increase in Tg can be also be due to the reduced
dynamics of polymer chains in the composites. If the SWCNT fillers are very well
dispersed in the matrix, polymer chains locally in contact with SWNTs would
exhibit slower dynamics than chains in the neat polymers. The surface function-
alization of carbon nanotube has an important role in deciding the relaxation of the
polymer chains in the polymer composites. No/improper surface functionalization
leads to the aggregation of nanotubes to form bundles and ropes throughout the
composite. Mitchell et al. [75] prepared surface-functionalized SWCNTs using
4-(10-hydroxy) decyl benzoate moieties by covalent bonding. Even 1% SWCNT

Fig. 4 Thermogravimetric analysis of neat TPU and its nanocomposites containing different
loading of MWNT. Source [67]
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loading was able to form a percolated network in the matrix and this gives the
strength of the polymer–SWNT (functionalized) interactions.

Figure 5 shows that incorporation of small amount of CNTs increases the Tg of
UHMWPE-based composites.

CNTs can interact with semi-crystalline polymers and can modify their crys-
talline structure and crystallization behavior [77]. CNTs can induce nucleation in

Table 2 Glass transition temperatures of CNT/polymer composites from selected literatures

Reference Polymer CNT type wt%
of
CNT
(%)

CNT
aspect
ratio

Tg of the
composite
(°C)

DT = Tg of the
composite-Tg of
the polymer (°C)

Zhou et al.
[68]

Epoxy MWNT 0.4 150 147 22

Ganguli
et al. [69]

Epoxy MWNT 0.1 125 85 24

Pham et al.
[70]

Polystyrene
(PS)

SWNT 0.75 – – 3

Wang et al.
[71]

Epoxy SWNT-NH2 0.5 – 170 –11

Gojny
et al. [72]

Epoxy MWCNT 0.75 – 80 16

Sterzynski
et al. [73]

Poly vinyl
chloride
(PVC)

MWCNT 0.05 – 93 8

Fig. 5 Thermograms for neat
UHMWPE and
UHMWPE-based
nanocomposites. Source [76]
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polyethylene (PE) [78] and polypropylene (PP) [79]. Orientation of CNT also
influences the crystallinity orientation in the polymers. Brosse et al. [80] shows that
CNT induces trans-crystalline lamellae in the interphase of CNT surface and
polyamide nanocomposites. Studies showed that incorporation of SWCNT induces
an increase in isothermal crystallization rate, and also alters the spherulitic mor-
phology of polypropylene [30, 79]. Valentini et al. [81] have reported that the
crystallization kinetics was affected by the distance between the nanotube bundles.
The presence of SWCNTs also decreased the size of the spherulites of PP to
one-tenth-fold in PP/SWCNT composites. The microphotographs of neat PP and 5
wt% SWCNT filled PP composites is shown in Fig. 6.

Grady et al. [35] shows that the crystallization rate and the % crystallinity were
higher in PP/SWCNT composites than virgin PP. Few studies show that intro-
duction of SWCNT into semi-crystalline polymers increases the crystallization rate
but not changing the crystallized form of the polymer [82, 83]. MWCNT can affect
the kinetics of the tetragonal to hexagonal polymorphic transformation in Poly
(1-butene). In addition to that, MWCNT can also increase the nucleating ability of
the polymer matrix. This means that the activation energy required for nucleation
have been decreased with the presence of MWCNTs [84]. Liu et al. [84] have
shown that incorporation of MWCNT induces nucleation but do not favor the
formation of c crystalline form of nylon-6 at elevated temperatures. The nucleating
effect of carbon nanotube in polyimide have studied by Yudin et al. [85] and they
observed 15% degree of crystallinity in polyimide in the presence of CNTs. Lai
et al. [86] have manufactured nanocomposites of a biodegradable thermoplastic
polyester poly hydroxyl butarate co-hydroxyvalerate (PHBV) with MWCNTs by
solution mixing and ultra-sonication. The crystallization study by using differential
scanning calorimetry showed that the inclusion of MWCNTs enhanced the crys-
tallization temperature. Also the melting and crystallization peaks were narrower
for the nanocomposites than the pristine polymer. Arjmand et al. [87] explored the
crystallization behavior of carbon nanotube filled PVDF. Figure 7 shows the effect
of CNTs (prepared using different catalysts) on the crystallization temperature of

Fig. 6 Microphotographs of: a virgin PP and b 5% SWNT filled PP composite. Source [81]
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polyvinylidene fluoride (PVDF). The crystallization temperatures of the
nanocomposites were shifted to higher values compared to pure PVDF.

4 Thermal Properties of Polymer–Graphene
Nanocomposites

Graphene is 2D carbon nanofiller with sp2hybridized carbon atoms that are com-
pactly packed in a honeycomb crystal lattice. Graphene is considered to be the
“thinnest and strongest material in the universe” with excellent physical and
chemical properties [88, 89]. Graphene possesses high thermal conductivity,
excellent electrical conductivity as well as excellent mechanical strength [90–92].
But these characteristics of graphene depend mainly on structural precision and this
is governed by the method of synthesis. Graphene can be prepared by microme-
chanical exfoliation of graphite [93], epitaxial growth on silicon carbide or metals
[94], chemical vapor deposition on substrates [95], chemical or thermal reduction of
graphene oxide [96], and exfoliation of graphite intercalation compounds [97]. One
of the most efficient methods for the synthesis of high-quality graphene is the
micromechanical cleavage method. Graphene has certain advantages over other
conventional nanofillers because of its very high surface area, aspect ratio, EMI
shielding ability, tensile strength (TS) thermal, and electrical conductivity [92, 98].

Since 2010, large quantity of studies has been published in the field of synthesis
and characterization of polymer/graphene composites. Also lots of studies reported
about the optical properties, electrical properties, and permeability of the polymer/
graphene nanocomposites. The category of graphene generally implies not only the
pure graphene but also on the modified graphene such as graphene oxide (GO) [99–
101]. Polymer/graphene nanocomposites possess better thermal, electrical,

Fig. 7 DSC cooling runs of
pure PVDF and PVDF filled
with 2.0 wt% CNT
synthesized using different
catalysts. Source [87]
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mechanical, and barrier properties than virgin polymers [102–107]. Even though
carbon nanotubes possess similar mechanical strength compared to graphene,
graphene is superior filler than carbon nanotube in terms of electrical and thermal
conductivity. So if the application needs a polymer composites with higher thermal
or/and electrical conductivity, graphene will be the right option as the reinforcing
filler. The physicochemical and dynamic properties of the graphene-based
nanocomposites depend on several factors such as the dispersion of graphene
layers and its interfacial adhesion between the macromolecular chains in the matrix.
Due to the incompatibility with organic polymers, pristine graphene cannot be
considered as reinforcing filler. The surface modification of graphene to achieve
better interfacial adhesion between polymer and graphene is a vital step to get
proper dispersion of graphene layers. This morphology leads to better mechanical
and dynamic mechanical properties. The surface of the GO is highly oxygenated
and contains different functional groups such as hydroxyl, carboxyl, diols etc.
These groups can be modified by chemical functionalization. These modifications
on the graphene change the van der Waals interactions and leads to the compati-
bility between filler and the polymers [108, 109]. The carbonyl and carboxyl groups
positioned at the periphery of the GO induce hydrophilic nature to the graphene
oxide. This makes graphene to easily swell and uniformly distribute in water. This
property of GO is fascinated by polymer technologist because of manufacturing
point of view of the nanocomposites. However, sheets of graphene oxide can only
be uniformly distributed in aqueous media, and the aqueous media is incompatible
with most of the organic polymers. Being electrically insulating in nature, graphene
oxide is not suitable for the production of conducting polymer nanocomposites
[110, 111]. Few characteristic properties of graphene are listed in Table 3.

Pure/neat graphene tends to aggregate and agglomerate in the polymer matrix.
Oxidation of graphene followed by chemical functionalization can solve the above
issue. The surface modification leads to improved dispersion of graphene in
polymer matrix. The surface modification can be done either by attaching molecules
or polymer chains on the surface of the graphene [116]. Few examples on the
surface modification of graphene are given in Table 4.

Mode of preparation of polymer–graphene nanocomposites plays an important
part in deciding the nature of the composites. The degree of distribution and
exfoliation of graphene is mainly influenced by the shear force exerted during
processing, temperature, and the type of solvents. To obtain polymer–graphene

Table 3 Characteristics of graphene

Property Value

Surface area [112, 113] *2630 (m2/g)

Tensile strength [114–116] 130 ± 10 GPa

Electrical conductivity [116, 117] 7200 S/m

Thermal conductivity at room temperature
[118]

(4.84 ± 0.44) � 103 to (5.30 ± 0.48) � 103

W/mk

248 A. G. Jineesh and S. Mohapatra



nanocomposites with excellent properties, several criteria such as effective
restacking of graphene layers, wrinkling, and aggregation of graphene should be
fulfilled. Major preparation/fabrication methods for polymer–graphene composites
are given in Fig. 8.

4.1 Thermal Stability of Graphene-Polymer Composites

Reinforcement of polymers using graphene imparts better thermal stability to the
host polymers. The carbon framework of graphene oxide is stable up to certain high
temperatures but functional groups of graphene oxide will be degraded before the
degradation of carbon framework. Effective graphene incorporation can increase
thermal degradation temperature (Td) of the polymers, up to 10–100 °C [133, 134].
Interaction with graphene and polymer will restrict the chain movement of
macromolecules near the surface of graphene and leads to better thermal stability
[135].

Graphene oxide imparts thermal stability to polymer at even low loading. Onset
temperature of degradation and maximum degradation temperature were increased
to higher temperatures even at low loading (<0.7 wt%) of GO into Polyvinyl
alcohol (PVA) [136]. The onset degradation temperature of polyethylene is
increased by 30 °C with the incorporation of 5.4 wt% of graphene. Similarly
15.3 wt% of graphene increased the maximum degradation temperature of poly-
ethylene by 30 °C. Being thermally stable and mechanically stiffer, graphene
induces rigidity to the polymeric matrix. This rigidity also decreases the chain
mobility and reducing the thermal degradation rate of the polymer. The thermal
behavior of graphene-based composites depends on the degree of dispersion of
nanoparticles and the extent of loading [137].

Different trends have been observed for the thermal stability behavior of poly-
mer–graphene oxide nanocomposites. Both thermally and chemically reduced GO
improves thermal stability but non-reduced GO is not affecting thermal stability of
polymer matrix [138–141]. The superior thermal stability of the polymer/reduced

Table 4 Literatures on different types of surface modification of graphene

Sl No. Surface
modification

Literatures

1 Amination Du et al. [119], McAllister et al. [120], Niyogi et al. [121]

2 Esterification Cano et al. [122]

3 Isocyanate
modification

Jiang et al. [123], Sadasivuni et al. [124]

4 Polymer
wrapping

Samanta et al. [125], Ye et al. [126], Fujigaya et al. [127]

5 Ionic Liquids Liu et al. [128], Kim et al. [129], Yang et al. [130], Nuvoli et al.
[131], Zhang et al. [132]

Thermal Properties of Polymer–Carbon Nanocomposites 249



graphene oxide nanocomposites was due to the high surface area and good distri-
bution of the layers of filler in the matrix.

4.2 Transition Temperatures of Graphene-Polymer
Composites

Several studies have reported a drastic change in the Tg in polymers occurs due to
the small loading of graphene. Even 0.05% of graphene oxide can change the

Fig. 8 Characteristics of fabrication techniques of polymer-graphene nanocomposites
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transition temperature of polymers to a significant extent. The change in glass
transition temperatures is mainly due to reduced mobility via covalent bonds
between the polymer and graphene, mechanical interlocking, and adhesion due to
the wrinkled topology of the exfoliated GO, or H-bonding between the polymer
chains and the oxygen functionalities on the graphene/graphene oxide layers [15].
Few literatures related to the influence of the inclusion of graphene in the Tg of the
polymer matrix are compiled in Table 5.

Yoonessi et al. [144] proved that the incorporation of graphene in Polyimide
resin does not change the Tg of the polyimide. However, the area under damping
peak (tan d) was decreased with increasing graphene content due to the weak
attractive forces between the graphene and the resin. These weak forces are
insufficient to hinder segmental motion of the polymer chains and this leads to no
change in the Tg. The relaxation behavior of polymer chains grafted to the nanofiller
surface is distinct from that of free or entangled chains.

1 wt% of oxygenated graphene can increase the Tg of the polyacrylonitrile by
40 °C due a strong particle–polymer interaction [138]. Tg of the nanocomposite
also depends on the size of the grafting polymer and particles and the grafting
density [89]. The influence of graphene oxide in the Tg of polar polymers seems to
be higher than that in the nonpolar polymers. For example, 12 wt% of graphene
oxide increases the Tg of PS only by 15 °C. The increased Tg of the
graphene-polymer composite is ascribed to the sturdy confinement effect of gra-
phene sheets as well as the covalent bonding with the polymer chains [143].

Polymer crystallization behavior mainly depends on the thermal history, the
fabrication/preparation method and the interfacial adhesion between the fillers.
Studies show that there is no particular trend in the crystallization behavior of
polymer–graphene nanocomposites. Degree of crystallization was observed to
increase in few polymer composites. Similarly no change in crystallization behavior
was also observed in few studies [141]. Nanometer-sized graphene acts as

Table 5 Compilation of data from few literatures on glass transition temperature of graphene/
polymer composites

Reference Polymer Type of
graphene

wt% of
graphene
(%)

DT = Tg of the
composite-Tg of the
polymer (°C)

Ramanathan
et al. [138]

PMMA Thermally
exfoliated
graphene oxide

0.05 30

Salavagione
et al. [142]

PVA hydrazine
reduced GO

10 20

Fang et al.
[143]

PS PS-grafted GO/ 12 15

Yoonessi
et al. [144]

Polyimide Oxygenated
graphene

0.1–4 No change

Yoonessi
et al. [145]

Polycarbonate Graphene
platelets

1.1
2.2

2.2–2.1
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nucleating agents which enhances the crystallization rate of the polymer in the
composites. Graphenes can regulate/change the grain size of the crystals and
enhance the rate of crystallization through heterogeneous nucleation even at a low
loading of less than 1 wt% [146].

Liang et al. [114] investigated the effect of graphene oxide on glass transition
temperatures and the melting point of polyvinyl acetate and found that introduction
of GO in PVA increases both the Tg and melting point of PVA. Similarly the
introduction of graphene into polybutylene terephthalate (PBT) increases the
crystallization and melting temperatures of the base polymer and the DSC curves
are shown in Fig. 9.

5 Thermal Properties of Polymer–Carbon Nanofiber
Nanocomposites

Carbon nanofibers are discontinuous filaments with aspect ratio >100. CNF has
linear structure made up of carbon atoms which are sp2 hybridized [148]. The layers
of graphitic planes of most of the CNFs are not oriented in the direction of the axis
of the fiber. Based on the angle of the alignment of the graphene layers, carbon
nanofibers have been classified as (a) Stacked and Herringbone/Cup-stacked [149].
Other classification of carbon nanofiber is vapor-grown carbon nanofibers
(VGCNFs) and electrospun carbon nanofibers (ECNFs). The synthesis method of
CNFs mainly decides its structure. VGCNFs comprise of a single or double layer
with hollow core structure [65]. On comparison with carbon nanotube, VGCNFs

Fig. 9 Cooling (a) and heating (b) scans of DSC measurements of PBT/graphene nanocompos-
ites and arrow indicates the recrystallization. Source [147]
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have gained relatively less importance because of their comparatively lower
mechanical properties and higher density compared to carbon nanotubes [150]. But
VFCNFs can be synthesized very easily with cheaper manufacturing steps and
these makes it as a suitable good reinforcing filler in many industrial applications.
VGCNFs are synthesized by chemical vapor deposition of carbon monoxide or a
hydrocarbon over a surface of a metal or metal alloy catalyst [151–153]. The
important catalysts used in the preparation of VGCNFs are Fe, Ni, Cu, Ni–Cu, and
Fe–Ni, etc. VGCNFs possess high aspect ratio and their diameters are higher than
CNTs, but lesser than carbon fibers. Similarly, the length of VGCNFs is similar to
that of carbon nanotubes, but shorter than that of carbon fibers [65, 154]. Good
carbon fiber-polymer adhesion can be achieved through interactions taking place at
the fiber–polymer interface. The interactions can be either chemical or physical
linkages [155]. Surface treatment on VGCNF can be done by etching in air at high
temperatures, soaking in sulfuric/nitric acid mixtures, or in peracetic acid, etc.
These treatments can improve the fiber-polymer adhesion [156]. Oxidation of
VGCNF with nitric acid [157], grafting an aromatic (ether–ketone) in the polymer
backbone [158], addition of oxidizing gases such as CO2, to VGCNF [159] are the
few other methods to increase the adhesion between polymer and fiber matrix.

5.1 Thermal Stability of Polymer–Carbon Fiber
Nanocomposites

Because of its good barrier property, CNF can enhance the thermal stability of
polymer/CNF composites. The addition of VGNF into polymers increases their
thermal stability. Few literatures on the improvement in the thermal stability of
polymers are shown in Table 6.

Nanofibers impose restriction on the polymer chain movements and it increases
the thermal resistance of the nanocomposites [155]. The higher thermal conductivity

Table 6 Compilation of data from few literatures on CNF/polymer composites Tg of the
composites

Reference Polymer wt% of CNF (%) Difference in degradation
temperature of nanocomposite
and virgin polymer (°C)

Yang et al. [160] HDPE 20 *30

Choi et al. [161] Epoxy 5 80

Lozano et al. [162] PP 5 *35

Xu et al. [163] PS 2 *35

Choi et al. [164] PC 10 *15

Zeng et al. [165] PMMA 5 *60

Kumar et al. [166] PC 5 *10

Higgins et al. [167] PC 9 *40
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of the composite can also enhance the thermal stability, because thermally con-
ducting materials can dissipate the heat within the polymer composite [37]. The
onset degradation temperature of polymers will also be increased with the increase in
nanofiber content [162, 163]. VGCNF/Polycarbonate (PC) composites show higher
stability than virgin polycarbonate. The increase in the thermal stability is due to the
adsorption of free radicals produced by the polymer degradation by VGCNFs [164,
167]. Chatterjee et al. [51] measured thermal stability of polypropylene/carbon
nanofiber composite and found that CNF improves the thermal stability of
polypropylene to a considerable amount. The reasons behind the increase in thermal
stability are (a) increase in the crystallinity (b) constraints imparted by nanofibers on
the chain mobility of polymers at the interphase of polymer–nanofibers, and (c) the
char formation. The formed char acts as a physical constraint for the degradation of
macromolecular chains. Careful oxidation of nanofiber creates moderate amount of
oxygenated groups on the nanofiber surface. This oxidized CNF possesses better
interaction between the polymers and it leads to better mechanical and thermal
properties. The intermolecular hydrogen bonds formed between the oxidized CNF
and the matrix also leads to better dispersion of the nanofillers and this also leads to
betterment of mechanical and thermal properties [168].

Few studies show that the incorporation of CNF decreased the onset degradation
temperature of polymers. The onset degradation temperature was decreased by 30 °
C with the incorporation of 3 phr CNF into polyetherimide composites. This may be
due to the presence of impurities or catalyst present in the CNF. But surface
modification of CNF using the treatment with acid increases both the initial and
maximum degradation temperature of polyetherimide. This may be due to the
elimination of impurities on the surface of CNF and enhanced interfacial interac-
tions between CNFs and the polymer due to the acid treatment [169].

Barick et al. [170] prepared and characterized melt-mixed TPU-CNF
nanocomposites. The high-resolution transmission electron microscopy (HRTEM)
of the prepared nanocomposites is shown in Fig. 10 [171]. The images show that
the nanofibers are properly embedded in the TPU matrix.

Thermogravimetric analysis of the above nanocomposites showed that the
thermal stability of TPU is increased considerably with the introduction of CNF
into the TPU matrix. The reasons for the improvement of thermal stability are
(a) homogenous dispersion of CNF (b) CNF forms a good network structure and it
restricts mobility of TPU chains and this will not allow the gaseous molecules
produced during the early degradation stage to contact with the outer atmosphere in
degradation process and (c) higher thermal conductivity of CNF avoids heat con-
centration in the composites.

5.2 Transition Temperatures of Polymer–CNF Composites

Addition of fillers can increase or decrease the crystallinity of the polymers
depending on the characteristics of polymers and fillers and the amount of fillers in
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the composites [161]. Reduction of crystallinity in polyethylene due to the incor-
poration of VGCNF was reported by Yang et al. [160]. Contrary to this, an increase
in crystallinity and the crystallization rate of PP was reported with the introduction
of VGCNF. Takahashi et al. [172] reported the incorporation of graphitized
VGCNF to PC increases the crystallization rate of PC. On contrary to this, the
non-graphitized VGCNF decreases the crystallinity of the PC.

Few studies on PS [163], PEEK [173], and epoxy polymer [164] show that the
incorporation of CNF does not affect the Tg of the composites. But in all these
composites, the tan d peak decreased with the increase in CNF content. There are a
significant number of studies which shows the incorporation of CNF increases the
Tg of the polymers [174] and few of them are listed in Table 7.

Barick et al. [171] investigated the effect of CNF in the thermal characteristics of
thermoplastic polyurethane. The incorporation of CNF did not alter the Tg of the

Fig. 10 High-resolution TEM of TPU/CNF nanocomposites with a 1 wt%, b 4 wt%, c 7 wt%,
d 10 wt% loading of CNF. Source [170]
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soft segment of thermoplastic polyurethane. The reasons behind the observation is
(a) the change in heat capacity associated with incorporation of CNF was too low to
be detected and (b) the restriction in the soft segment chains due to the incorpo-
ration of CNF is nullified by the reduction in the hard phase of TPU. Even though
the incorporation of CNF did not change the hard domains of the TPU matrix, it
decreases the crystallinity of its soft segment. The factors affecting the crystallinity
of semi-crystalline polymers by the incorporation of CNF are the filler geometry,
amount of filler, and the surface groups present on the fillers [178].

6 Polymer–Fullerene Nanocomposites

Harry Kroto, Richard Smalley, and Robert Curl won the nobel prize in 1996 for the
discovery of soccer ball-shaped Buckminsterfullerene [179, 180]. Fullerenes show
superconductivity at comparatively higher temperatures [181] and possess good
mechanical stability and unique chemical reactions [182]. Eletskii et al. [183] and
Millican et al. [184] reported that C60 molecule is stable in an inert (argon)
atmosphere at temperatures up to *1200 K. Kolodney et al. [185] showed that that
C60 retains thermal stability up to 1700 K [186]. Diki et al. indicated that the
decomposition of C60 and C70 molecules in the gas phase begins only at 2650 and
2440 K, respectively. Few studies show that C60 possesses a thermal degradation
temperature even up to 3000 K [187, 188]. All these studies give us an impression
that fullerene can be used as a reinforcing filler if there is an interaction between the
polymer and fullerene. Olah et al. [189] reported the first polymer–fullerene

Table 7 Compilation of data from the literature on CNF/polymer composites on glass transition
temperature of the composites

Reference Polymer Type of CNF wt% of
CNF (%)

DT = Tg of the
composite-Tg
of the polymer
(°C)

Zeng et al. [175] PMMA VGCNF 5 5

Choi et al. [161] Epoxy VGCF 20 26

Zhou et al. [176] Epoxy VGCNF 3 8

Green et al. [177] Epoxy Pyrolytically stripped
carbon nanofiber

0.1
1

25
25

Kumar et al. [169] Polyetherimide Carboxylic acid
functionalized CNF

3 11

Kumar et al. [169] Polyetherimide Unmodified CNF 3 8

Rasheed et al. [168] Poly(styrene-
co-vinyl phenol)

Oxidized CNF 5 9

Kumar et al. [166] PC Oxidized CNF 5 10
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composite with polystyrene. With proper modification of C60, fullerene polymers
with different structures can be prepared and these structural classifications of
polymeric fullerene derivatives are shown in Fig. 11.

6.1 Thermal Stability of Polymer–Fullerene
Nanocomposites

Fullerene, especially C60 has the capacity for radical absorption which makes it as
good anti-oxidizing agent for polymer matrix. Zeinalov et al. [190] showed that the
incorporation of C60 improved the onset degradation temperature. Troitskii et al.
[191] studied the thermal degradation behavior of the composites of fullerene with
Poly (methyl methacrylate) (PMMA) and PS. They observed that fullerene reacts
with the low molecular weight alkyl radicals produced from the early degradation
of polymers and this mechanism prevents the further thermo-oxidative degradation
of the above polymers. Zuev et al. [192] found that the addition of C60 fullerene
into acrylic polymers shifted the thermal degradation mechanism of acrylic

Fig. 11 Structural classifications of polymeric fullerene derivatives: a main-chain fullerene
polymer; b fullerenes on solid surface; c star-shaped fullerene polymers; d fullerene-end-capped
polymers; e crosslinked polymeric fullerene derivatives; f side-chain fullerene polymers;
g fullerodendrimer. Source [189]
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polymers from free radical mechanism to non-radical pathway. Song et al. [193]
and Zhao et al. [193] investigated and thermal degradation behavior of
fullerene-filled PP and HDPE, respectively, and found that the incorporation of C60

remarkably retards the thermal degradation of both the polymers. Zhao et al. [193]
put forward a mechanism for the thermal degradation of HDPE/C60 composites and
it is shown in Fig. 12. The incorporation of 2.5 wt% C60 increases the onset
degradation temperature in air of HDPE by 91 °C.

The change in the degradation temperatures due to the incorporation of fullerene
into the polymers are listed in Table 8.

6.2 Transition Temperatures in Polymer–Fullerene
Composites

Literatures on the effect of fullerene on crystallinity and Tg of the polymers are
limited. Wozniak-Braszak et al. [195] analyzed the effect of fullerene in the thermal
properties of Poly (butylenes terephthalate) (PBT). Decylamine-C60(DA-C60) and
tetracyanoethylene oxide-C60 (TCNEO-C60)were used as the fullerene derivative
for this study. Glass transition temperature of the nanocomposites shows higher

Fig. 12 Scheme of the mechanism for the thermal degradation of a HDPE and b composite.
Source [193]
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value compared to virgin PBT and the increase was prominent with high loading of
fullerene. Nanocomposites showed wider melting range than the virgin PBT. The
addition of fullerene also increased the temperature of the first melting of peak of
PBT. The crystallization behavior showed that the incorporation of fullerenes
causes a change in the nucleation process and accelerating the crystallization of the
PBT. Sinitsin et al. [196] also found that the fullerene acts as a nucleating agent and
increased the crystallinity in polyamide (PA6). Sanz et al. [197] studied the effect of
C60 fullerene on the glass transition temperature of polystyrene. Up to 4 wt% of
fullerene content, Tg of polystyrene increased and further addition decreased the Tg.
On contrary to the above studies, Tayfun et al. [198] found that the addition of
fullerene into TPU decreased the Tg of TPU. Similar observations were made by
Alekseeva et al. [199] with fullerene-filled polystyrene. This change may be due to
the plasticizing effect of fullerene in the composites.

7 Conclusions and Future Prospects

Polymer–carbon nanocomposites achieved great attention in the industry and aca-
demia due to their excellent mechanical, thermal, and electrical properties. The
excellent thermal properties of polymer–carbon nanocomposites make them to be
used as materials for sensors, high temperature withstanding seals and gaskets,
electrodes, flame resistant bearings, etc. In industry point of view, it is very essential
to establish a technique to properly disperse the carbon nanofillers in the polymer
matrix using conventional composite manufacturing techniques. In the same time,
the enhancement in the interaction between the fillers and the polymers is also a
potential area and the surface modification techniques also should be extensively
studied especially with respect to the nature of the chemistry of polymer matrix.
Green approach for the surface functionalization of the fillers also will get con-
siderable attention in the future. Hybrid composites with different fillers and their
synergism in the composite are also expected to be an interesting area in the
polymer–carbon composites in future. Defect-free carbon nanomaterials preparation
at low cost will also be an important research area in the polymer nanocomposites.
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Rheological Properties of Polymer–
Carbon Composites

Sayan Ganguly and Narayan Ch Das

Abstract Polymer rheology is an enormously sensitive indicator of polymer
long-chain branching, and consequently can be exploited as a tool to evaluate
polymer structures. Carbonaceous fillers are most abundantly used filler due to its
reinforcing nature and its low cost. Among the carbon filler family, the most widely
uttered names are carbon black and carbon nanotubes (CNTs) because of their
relatively low cost, ease of processing, surprising dispersibility and mechanical
strength. Several researchers did work on the polymer solution or polymer
melt-based composite processing methods in order to distribute the fillers at a
greater extent. It has been noticed by the various researchers that carbon black is
easier to distribute than CNTs due to low aspect ratio of CNTs. Several rheological
models have been discussed for filler-polymer composite systems. The relation
among the rheological parameters is discussed also in light of yield stress value,
shear rates and steady-state shear character of composites. We also discussed how
the polymer/filler ratio affects the rheological nature of nanocomposites. Basically,
dilute domains (rheology dominated by polymer concentration) and semi-dilute
domains (dominated by the filler particles, filler fractals/cluster, filler agglomerates,
etc.) have been analysed by various hypothesizes as told by researchers. However,
we tried to contextualize the rheological resultant effects of carbonaceous filler
impregnated polymer composites through the underlying structure-dispersion
relationship and cultivate the interplay of different filler-polymer forces in the
nanocomposites.
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Abbreviations

CNTs Carbon nanotubes
SPM Scanning probe microscopy
Tg Glass transition temperature
MC Monte Carlo
–CH2 Methylene
–CH3 Methyl
PE Polyethylene
G* Complex modulus
WLF Williams–Landel–Ferry
PTT Phan–Thein–Tanner
UCM Upper-Convected Maxwell
K-BKZ Kaye and Bernstein
EPDM Ethylene propylene diene monomer
SWCNT Single wall carbon nanotubes
MWCNT Multi wall carbon nanotubes
GPa Giga pascal
η* Complex viscosity
fc Percolation threshold
rmax Maximum stress

1 Introduction

Composite materials are imprinted by assembling two or more than two compo-
nents that have quite dissimilar attributes. The dissimilar constituent materials
function wholly as an integrated system to afford the composite specialty properties.
Composites constitute a crucial family of engineering and technology material
where mostly carbonaceous materials are vehemently heralded due to their enor-
mous compatibility into polymer matrix, strength increment and other properties
related to their service functionalities. New demand and new product development
have headed to thrusting the frontiers of polymer–carbon composites for more and
better improvement in their service life. Lightweight, durable, flexible and
high-performance polymer–carbon composites had replaced metals in versatile
applications because of the cheap and low specific gravity of the polymers [1]. The
several applications of polymer composites range from the fabricating of advanced
engineering constructions like war tanks, advanced armoury systems, aircraft
interior furnishings, pipes, support beams to the building of leisure and sporting
specifics like golf balls, racquets, skis, yachts and boats. Fundamentally, polymer
composites may be assorted into the following families: [2] (Fig. 1).
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1.1 Overview of Polymer Rheology

1.1.1 Why the Polymer Rheology Is Significant?

The term rheology was proposed by Professor Bingham of Lafayette College,
Indiana, on the advice of a fellow, the professor of classics which intends: ‘the
study of the deformation and flow of matter’. The type of deformation that occurs
is, however, dependent on the state of matter. For example, gases and liquids will
flow when a force is applied, whilst solid materials generally defined by a fixed
amount or up to a certain degree. The study of the rheology of a particular sample
allows the experimentalist to gain a greater insight into the forces that operate in the
sample. It is a useful tool that is employed to study the control and flow of complex
Fluids such as polymers, pastes, suspensions and foods. But this tool is not suitable
for describing simple fluids like water and air. There is a marked difference in the
response of a solid and liquid when subjected to an applied force. When considering
their rheology, it is convenient to think of a behaviour scale, where they are at
opposite extremes. The solid response is explained by Robert Hook’s ‘true theory
of elasticity’ 1678, where is the behaviour of liquids was proposed in Isaac
Newton’s Principia published in 1687.

Fig. 1 Classification of polymer composites
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1.1.2 Basic Flow Characteristics of Polymers

Rheology is a subdivision of physics which contends on the deformation features
and flow property of matters under stressed conditions where time is either a
dependent or independent factor. It is especially, pertained with the holdings of
matter that ascertain its trend of flow when an external mechanical force is applied
thereon. Rheology is differentiated from fluid dynamics because it is implicated
with all the common states of matters instead of only liquid and gaseous state.
Rheological properties have authoritative significances in many diverse applica-
tions. Among these, carbonated filler occupies a vehement wide area of application
in the polymer–carbon composites, organo-clay products and are also used as
additives composites. Applications of rheology are crucial in lots of areas in
commercial aspects such as industries involving metal, polymers and several other
stuffs. Mathematically, rheology can provide the viscoelastic nature of any system
either in pure state or in any compounded form. An apprehension of the rheology of
a polymer/composite system is crucial in the fabrication and manufacture of
composites. The job is planning an injection moulded component or fixing the total
mould cycle for a pre-moldable material. Terminologically, rheology is a
semi-quantitative common practicing tool in polymer science and technology area.
The relationship between the structural architecture and rheology of a polymer is of
common concern for rheological attributes which are structure sensitive less
and complicated in practical applications. Besides this, the rheological character-
istics that regularize the deformation pattern of polymers at the time of processing
in the molten state. Deliberating the structures of polymers by nature of the shape
and size of molecules and the distribution of these features amongst the molecules,
structure organization and governed assembly are the obvious focus of various
experiments assisted with mathematical modelling of the flow behaviours wither in
form of Newtonian analogous features or non-Newtonians [3]. The primitive
investigations of the dispersed polymer system in liquid form are majorly credit-
worthy for testifying that the high-molecular-weight polymers are not a colonial
clustering of colloids, but these are definitely macromolecules adjudged together by
the means of strong covalent bonds. Figure 2 shows the basic parameters related
with the flow features and the processing of the polymers and filler impregnated
polymer matrix. It is trustworthy to highlight that the flow property of polymer
long-chain molecules and dispersions contemplates their size, shape and interaction
behaviours in a flowing field. Approximately since the last decades, solution
attributes of macromolecules, e.g. their viscosities, solubility, light scattering
behaviour and colligative properties have been examined. Composites having
completely novel property combination are accomplished by blending together, at
least two polymers. In case of several specialty polymer-polymer alloys, immis-
cibility is a major concern which is observed by shearing astatic phase-separated
blend. Generally, theoretical expectancy depicts that shear-induced mixing in low
and high shear rates, with de-mixing vicinity at the medium shear rates.
Incompatible blends adopt specific rheological model since they provide
single-phase morphology; the flow behaviour of incompatible and phase-separated
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system is relatively complex than single-phase systems. The phase morphology
which is a significant component, as it sternly impacts the alterations of dimension
in shear flow, as discovered by viscosity. The continuous phase of the incompatible
blend is decided by two substantial components, like viscosity and volume fraction.
High volume fraction and lowering of viscosity privilege phase persistence in the
mixture [4].

1.1.3 Polymer Melts and Blends

Appreciable advancement has been built in the rheology of polymer either in liquid
dispersions or in molten conditions. The measurement of rheological dimensions of
polymeric systems in melt system is essential in order to acquire primal realizing of
the processability. This is due to the rheological features potently regulated by the
polymer composites’ construction and the interface-related features. The flow
property of polymer in molten state is effectively requisite for two grounds; pri-
marily, it has served to dissolve several polymer difficulties, like wide thickness
variations in films, poor optical clarity of sheets, low production rates, dimensional
imbalance and inadequate mechanical attributes and later, it also has been utilized
for the analysis of processing parameters, like pendant groups, degree of grafting/
branching, molecular structures, molecular chain entanglements and so on. Nichetti
and Manas-Zloczower applied an uncomplicated superposition model relating to
the inherent molecular chain physics [5]. The consequence of polydispersity on

Fig. 2 Overview of intermittency among the rheological parameters
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rheological flow curves was estimated where simple models are more feasible in
numerical simulations. This can simplify also the extent of complex geometries in
polymer design and processing segments. Their study also casts some supporting
documentation over the entanglement-disentanglement theory in polymeric sys-
tems. Takahashi et al. assessed stress relaxation afterwards rapid extensional strain
to get the extensional relaxation modulus. They hypothesize the preparation pro-
cedure of formulating the mobile polymer melts, through a new adopted method
named as ‘separability hypothesis’. The time-dependent relaxation modulus was
detected to be invariable in tension or in shear, analysing the relaxation modulus of
linear viscoelasticity [6]. The enhanced activities of polymer blends are interrelated
with the hope of developing advanced eminent functioning materials founded on
long-familiar products and the demand for primary knowledge on their phase
behaviour. These studies extend some tractability to tune blend morphology
throughout processing. Polymer blends are generally mixtures of unlike
homopolymers, copolymers or ter-polymers resulting homogeneous designated as
miscible blend or heterogeneous which is termed as multiphasic blend system.
A mixture of polymers are generally chemically different and their miscibility
depends on the thermodynamics of mixing rule. There is a significant component
involving the blend thermodynamics equated to polymer dispersions consisting of
high-molecular-weight of both polymers. Polymer processing technique has a
prominent effect on the ensuing optical and mechanical belongings of the output.
For example, dimensional integrity in injection moulding, elasticity and also tear
strength of films are impacted by the viscoelasticity. The flow property is associated
with particular molecular chain arrangements. In the common fabrication tech-
niques of polymeric items, the majority of the shape forming is accomplished in the
molten conditions due to easy deformable features of the molten dough. Melt
processing affects the interaction between fluid mechanics and heat transfer in
rheologically complex power law obeyed liquids, and taken wholly, it is a pertinent
instance of the significance of ‘coupled transport’ techniques. The viscoelastic
quality of molten polymer doughs ponders the chain entanglement and brings a
crucial function in developing the product end features. Viscoelasticity has a trivial
impression on the development of several processing flows, where the mechanics
are prevailed by the temperature, shear and viscosity of the polymer mixture. This is
especially true for several moulding techniques, but it evenly enforces few exten-
sional flows. Lots of reports based on these have been published. Seemann and
co-workers considered the constancy conditions of thin (3–300 nm) films on ver-
satile substrates. The fundamental function was acted by the interfacial air, film or
substrate which ascertained the de-wetting assumption for unstable films. As per
their report, they accounted to distinguish spinodal de-wetting assumption by
examining the issuing morphology of the film surface. They also admitted line
tension experimentations of very small droplets, revealing that the long-range
portion of effective interface potential may affect the drop profile. The active
attributes of the films are assessed via several scientific methods, viz., the config-
uration of the de-wetting front which was judged by electron microscopy
(SPM) which is a very strong tool to solve out the boundary specification. They
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further accounted experiments analysing the viscosity of the polymer system and
the Tg of nanometer-thick films using ellipsometry. Ellipsometry is an essential
optical imaging technique for inquiring the dielectric features and complex re-
fractive index of thin coherent films. They showed that tiny molecular chain of
polymers revealed lowering in Tg [7]. Daoulas and his co-workers delivered an
atomistic modelling approach path for modelling the present interface between a
molten state and crystalline domain of solid polymeric substrate. According to the
hypothesis, atomistic simulations are carried on by tracing the PE and PP chains
with the afore-mentioned model. The novel advance has been admitted by the
authors to study the morphological and conformational features on the length scale
of barely a few angstroms from both surfaces. Elaborated outcomes are delivered
for the local mass density, morphology and conformation of PE at the two inter-
facial junctions, received from simulations by models which are strictly monodis-
perse polyethylene specimens of molecular chain length having repeating unit of
around 400. Surplus structural characteristics of the physisorped contact, suchlike
the statistical distribution of backbone carbon atoms in loop-tail and train confor-
mations having their ‘permutation-combination’ statistics. Their atomistic simula-
tion data manifested a firmer reliability of such signifiers of adhered layered
architecture on main chain length than the estimated mesoscopic Scheutjens–Fleer
lattice model based main chain length [8, 9].

Brief Development of Multi-component Polymer Blends

The reality to be a polymer miscible to another one in order to explicate a uniform
and homogeneous system at segmental or molecular scale has been the utmost
thrust for a huge amount of reports on multiphase polymeric systems. It has been
experienced for a long time that the physical features could be evaluated by their
morphology. Reactive polymers are widely applied for several pragmatic functions,
viz., the alteration of surface tension between dissimilar phases via which internal
microstructure of multiphase polymeric systems. These strategies are professionally
termed as reactive compatibility [10]. Various types of polymer blend are already
depicted in the Fig. 3. From the types of polymer, blends are suitably diverged to
constitute of many diversified combinations of polymeric systems for cultivating
both education and commercial pursuits. The basic distinction of blends demands
their phase characteristics which is specifically the compatibility or miscibility
versus phase-detachment. The elementary advantage of miscible versus immiscible/
phase-separated blends is the blend quality visibility (as a function of mechanical
properties of blends), which are typically intermediate between that of the
unblended components. The engineering regards in polymer blends admit a
development of new area of interest in polymer alloy where compositions letting in
elastomeric blends, techno-commercial polymer blends, high resilient polymer
blends and so on.
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Polymer Blends with Effective Miscibility

Miscible polymer blends are getting progressively significant for commercially
viable because of the discriminative tuning in blend properties are possible by
alteration on mixing strategy. An apprehension of the rheological characteristics of
such blends is essential for anticipation of processing techniques. For multiphase
polymeric blends, the empirical rule related to the time–temperature superposition
is unable to deliver scientific logic [11]. In a hypothesis it is manifested that time–
temperature superposition disables for a theoretically compatible blend. The devi-
ation of superposition was demonstrated to be easy, unique and allows for sub-
stantial penetration into the temperature dependency of flow property for all
single-phase polymer systems [12]. The empiric rule of time–temperature super-
position expresses that the complex modulus G* (x, T) is a function of frequency
which is

G� x; Tð Þ ¼ bTG
� x; T0ð Þ ð1Þ

This above principle is obeyed for both pristine component systems and also was
applied to build master curves. aT and bT are the changeable parameters related to
temperature only. The modulus scale changes bT parameters were noticed to be
very little. In case of pure components, the temperature dependence dominates

Fig. 3 Various types of polymer blend systems
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more with respect to the frequency which shifts can be assigned via WLF equation
[11].

log aT ¼ � C1 T � Tg
� �

C2 þ T � Tg
� � ð2Þ

The rheological attributes and the behaviour of extrudate profiles of molten
doughs are of fundamental significance in the casting of polymeric goods. The
melt-rheological features of fibres, viz., pineapple, sisal and coir fiber-reinforced
polymer composites have been considered in several reports [13, 14]. The limita-
tions in the research of self-governing features are the fibre length, matrix-fibre
fundamental bonding and the length to diameter ratio of green-fibre-reinforced
thermoplastic composites [15, 16]. The expression is very much attached with
viscoelastic system having complicated comparable to its Newtonian similitudes.
For an authentically viscoelastic system, this relationship is progressively sus-
tained. This reality is the supposed to be the cause of the challenging nature of this
subject. The leading equations not only discover the rheological characteristics of
the molten polymer system but also establish the concluding fibre preference of the
developed system. That is the reason it have utmost primal acceptability to assess
the purpose of the composite’s flow behaviour and the fibre–polymer bonding. It
also has been detected that the evaluated stress of the developed system enhances as
fibres are contributed; accordingly, an acceptable related equation could be
accomplished by summing a surplus stress to factual element equations for the
molten polymeric systems [17, 18]. Consequently, such equations established in the
research literature that report the vehement use of molten polymeric system could
be better explored in fabrication of bio-based composite systems. Especially, focus
will inclined to nonlinear rheological features of viscoelastic materials. The cross
WFL, power law, Casson, Hershel Bulkleym and Bird-Carreau models are vehe-
mently heralded among the favoured rheological models because of their power to
anticipate velocity and pressure statistical distribution in consistent flows in add-on
to their elementary behaviour of shear thinning [18–22]. Even so, for the high shear
stress of viscoelastic systems, the prognostic ability of these models is substantially
foreshortened.

Viscoelasticity of Materials

Viscoelasticity is named as a special dimension of a material’s property to establish
both Newtonian (viscous) as well as Hookian (elastic) attributes under the identical
considerations when it tends to some sort of flow. The shear stress of such materials
is a function of strain when the strain is carried out and then completed; they
counter to their previous positions. Some commonly uttered viscoelastic materials
are polymer melt, paints, honey, blood, ketchup, mayonnaise, polymer suspension,
polymer solution, cornstarch, shampoo, etc. At invariable temperature; common
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fluids are exemplified as ideal Newtonian fluids. This constant temperature is not
altered with shear rate. Also, the plot communicates via the primitive point: that is,
the shear rate is measured to be zero at the point of zero shear stress [23]. A fluid
that does not act as Newtonian (ideal viscous material) fashion after experiencing
the shear stress and shear rate, then it can be called as anomalous Newtonian system
or non-Newtonian systems. This corroborates that in these non-Newtonian cases,
the shear stress versus deformation cannot be a straight line, but it may be a curve.
High-molecular-weight polymer melts and dispersions, i.e. in liquid state are
commonly non-Newtonian. In this situation, the slope of the stress–strain curve will
be variable with alteration of the shear strain rate. When viscosity drop-offs with
rising of shear strain rate, the fluid is anticipated as shear thinning. Oppositely,
where the viscosity enhances after application of the external applied stress, the
fluid is defined as shear thickening. Shear thinning substances also are named as
pseudoplastic systems [24–26]. A different type of non-Newtonian fluid is also
known in this nomenclature which is called as viscoplastic or ‘yield stress’ fluid.
The shear stress must surmount a vital value recognized as the ‘yield stress’
accounting on verge of the fluid flowing. If it oversteps the yield stress, the fluid
flow of those viscoplastic fluids will assume to be an ordinary fluid. Sidewise, some
divisions of fluids demonstrate time-dependent character. This class of material
appoints thixotropic as well as rheopectic fluids, whose features are in contraries.
The viscosities of such materials will drop-off with time under an unvarying
employed shear stress. Nevertheless, in the absented of stress, the viscosity stepwise
recovers as a function of time as well. As a contrast, the viscosity sometimes
increases after application of invariable shear force for a prolonged time which is
known as ‘rheopectic fluid’.

1.1.4 Rheological Modelling on Viscoelasticity

Mathematical simulations of viscoelasticity are predominately established on a
differential or integral theatrical performance. Nevertheless, the integration
deductions are able to predict the time dependence character more efficiently. The
specific feature of linear viscoelastic system is that they follow a linear tread in
stress–strain plot with memorizing their deformation history. Linear viscoelasticity
is generally relevant exclusively for little distortions, low rate of shear, low stress,
and linearity of the molecular chain configuration. However, actually, nearly 90%
of mobile systems are nonlinear showing huge distortions/flow properties and with
nonlinear reaction in the front of such strains. Nonlinear viscoelastic feature be is
generally demonstrated when the strain is prominent [27–32]. Accordingly, non-
linear viscoelastic frameworks are necessitated. Surviving nonlinear numerical
rheological patterns are frequently built via adjustments and denotations to higher
order stress or strain conditions of the linear theory [31]. As mentioned earlier, from
a calculative point of view, the integration constitutes viscoelastic equation which is
harder to execute than the derivative function. Thus, various examples/models are
conditioned after combination of elastic, viscous, and inertial nonlinear components
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with several ramifications. However, in these exemplified models, regarding the
mathematical complexities, only the elastic or viscous nonlinearity is frequently
allowed and the inertial part is neglected. Furthermore, there are merely a couple of
theoretical prototypes developed with fixed-value rheological parameters.

On account of this situation, nonlinear models with invariable rheological
coefficients are mandatory. The combination of simultaneous elastic and viscous
phenomena is generally considered by Maxwell fluid model [33, 34]. The modified
versions of the Maxwell model were elucidated by a group of researchers which are
named as Phan–Thein–Tanner (PTT), Upper-Convected Maxwell (UCM) and
K-BKZ model [35–37]. The models are suitable for polymer solutions and melt
polymer systems. The features related to the non-Newtonian flow behaviours are
given as follows:

The governing equations for the polymer melt or solution are deducted by many
researchers as follows:

The equation for continuity of incompressible fluids is

r:t ¼ 0

where t is the velocity vector.
The equation for momentum will be

q
dV
dt

þV :rV

� �
¼ �rpþr:sþ qg

Here, q, p and s are the density, pressure and stress tensor, respectively.

Upper-Convected Maxwell (UCM) Model
UCM model is modified generalizable class of Maxwell model by differential
interpretations based on large deformation. The model can be interpreted as
follows:

sþ k1s
0 ¼ 2gD

D ¼ 1
2

ruð Þþ ruð Þs½ �

D corresponds to the strain tensor.
Now the flow equation will be

sþ k1s
0 ¼ g€!

Here, k, η and s0 are the relaxation time, zero shear viscosity and
upper-convected time derivative of the stress tensor.
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The s0 can be written as

s0 ¼ d
dt

þV :rs� rVð ÞTs� s rVð Þ

The UCM model can also interpret memory effects of materials with invariable
viscosities at several shear rates.

White-Metzner Model
According to White and Metzner network, theory associated with polymers at 1963,
viscosity and relaxation parameters both are functions of shear rate. This model
demonstrates shear thinning behaviours, not because of non-affine movement, but
due to the accelerated relaxation at high shear strain rates, where the rate of
relaxation is faster than any kind of deformation [38]. The viscoelastic differential
component model assumes the pattern

s1 þ k cð Þs0 ¼ 2g cð ÞD

Here, η(c) can be derived from the experimental shear viscosity curve and the
function k(c) can also be found from observational stress deviation plot.

Phan–Thien–Tanner (PTT) Model
The PTT model concerns to a quasi-linear viscoelastic constitutional simulated
relationship which is significantly exploited in designing of polymer solutions and
melts in flows. The original PTT equation was published utilizing the adopting
adjustments concurrently. It uses particular categories for the construction and
destruction rates of the network adjunctions reported elsewhere [39]. In the PTT
model, the surplus stress tensor is studied as the algebraic sum of the viscoelastic
factor s1 and the solely Newtonian factor s2.

s ¼ s1 þ s1

where s2 is given by

s2 ¼ 2g2D

where D stands for the rate of strain tensor. The overall form of the PTT equation
for the viscoelastic substances, s1 is as below

f trsð Þsþ ks0 þ e
2
k csþ scð Þ ¼ g€!

or,

s0 þ n D:s� s:DT� �þ Y
k
:s ¼ 2GD
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where the Oldroyd’s upper convective derivative s0 is defined by

s0 ¼ DV
Dt

� s:rV �rVT:s

where V is the velocity matrix, VT corresponds to the transpose of the velocity
matrix and D(V)/Dt is the material derivative of the velocity matrix.

After studying the above formula, the beginning term corresponds to the stress
tensor transport and the transient component of the respective deformations. The
second term corroborates the dislocation between the mobile macromolecular
chains is computed. The third term admits the elasticity. Eventually, the term on the
right side of the equality represents the diffusive effects. s is the stress tensor, D the
deformation rate tensor, G the relaxation module and k the fluid relaxation time.
The parameter n controls the amount of movement between the fluid polymeric
chains [40]. For n = 0, the model is called ‘PTT Affine’ and the sliding among the
polymeric chains is unheeded. The function Y depends on the rate of building and
destruction of the links between the chains. Furthermore, the PTT model comprises
the retentivity effect of polymeric systems and its viscosity can change with the
change of the shear rate. When n is zero, PTT constitutional equation is deduced to
its modified form (SPTT):

f tr sð Þð Þsþ ks0 ¼ g€!

According to PTT model, specific classes for the construction and destruction
rates of the network joints and deduced a constitutive equation holding in two free
parameters, e and n [41]. The exponential constitutive model accepts the following
form:

exp e
k
g
tr s1ð Þ

� �
s1 þ k 1� n

2

� �
s01 þ

n
2
s01

� �
¼ 2gD

η and k are the viscosity and relaxation time, respectively, evaluated from the
equilibrium relaxation spectrum of the fluid. The PTT model can be figured out
utilizing a single or multiple relaxation times, as per the Giesekus model. The linear
trend of the PTT model anticipates shear thickening at high elongation shear rates
followed by a plateau [39–41].

Giesekus-Leonov Model
Giesekus projected a constitutive model established on a concept of
configuration-dependent molecular mobility. On account of the highly nonlinear
nature of the model, equations are as follows [42–46]:

sp þ k1sp � ak1
g

s2p þ g€!
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The a is the dimensionless Giesekus model mobility factor and ascertains the
extensional viscosity and the ratio of 2nd normal stress deviation to the 1st one. The
a is applied to assess the anisotropic drag which has been estimated as 0 1 � a. For
a = 0, the model turns into the isotropic UCM model. But in the case of for a = 1,
the model is just an anisotropic drag, and for a > 0, the model constitutes shear
thinning feature. The Giesekus model anticipates the ‘tension-thickening’ domain
for longitudinal flow followed by a plateau region [47–50].

1.2 Polymer–Carbon Black Composites

Elastomer carbon black composites have long been a very authoritative category of
commercial materials and it has been accomplished via vehement utilization of
rheological knowledge. It dates back to 1931, when Scott and co-workers, on the
groundwork of compression plastometer experimentations, aimed that rubber filled
with fillers resulted a definite yield value [51]. This decision was also attained in
1933 paper by Dillon and Johnston using capillary rheometer experiments. Both
Scott and Dillon and Johnston suggested constituting the shear stress throughout
shear flow by the algebraic sum of a yield value Y, and a power law dependency on
shear rate [52]. Later on, Mullins and Whorlow drew attention to thixotropic fea-
tures applied to elastomer by high loading levels of carbon black as filler [53, 54].
The recent tenure of this field commences on the work of Zakharenko et al. and
afterwards Vinogradov and co-workers [55, 56]. They manifested from deliberate
low shear rate evaluations that elastomeric materials do display yield values as
already calculated by Chapman and Lee on talc-filled polypropylene [57]. In
consequent years, one of the contemporary authors and his co-workers have worked
on extensive filler loading in polymer matrix to investigate the particulate charac-
teristics of carbon black in elastomer matrix [58]. Besides this, calcium carbonate
[59, 60] and titanium dioxide [61] were also studied in polymer matrix which
revealed gradual increment in yield values of the composites. Various rheological
experimentations are accounted by G. J. Osanaiye et al. also. Sandwich rheometer
was utilized to study the creep and strain recovery at low shear stresses [62]. They
trialled over several carbon black-filled rubber composites to measure rheological
features. In the case of carbon black-rubber composites creep and strain sweep are
immensely necessary because of their viscoelastic nature. Primarily to judge the
viscoelasticity capillary rheometers were used. The data were combined and
allowed to represent as function of shear rate or shear stress over a very wide
domain of shear rates or stresses. Most extensively studied rheological property is
creep. It is basically deformation of material in constant stress. Strain recovery is
another rheological character of viscoelastic material which has also been studied
widely. The creep experiments were carried out as strain versus time (Fig. 4a, b).
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Generally for a material which is under a specific load, the strain/deformation
increases monotonically. The upper positions of the plot are relatively flattened with
respect to the steep rise in the plot. Such flat portions are due to the viscous steady
flow behaviours of the rubber-carbon black composites. The multiple plots in
Fig. 4a showed the effect of stress in creep behaviours. It is noticed that with
increasing the constant load (stress), the strain is almost proportional to the
corresponding applied stress. It can give idea of linear viscoelasticity.

Shear viscosity can also be applied to evaluate the carbon black-rubber com-
posites’ rheological behaviours. Researchers report the shear stress versus time plot
as a shear rate as shown in Fig. 5a. Rubber normally exhibits a decreasing order of
zero shear viscosity with increase in shear rate. But in the case of filled rubber, this
trend not always persists. In the case of carbon black-rubber composites, no such
zero shear viscosity is found but it can be assumed that with increasing the stress up
to infinite limit the shear viscosity decreases monotonically. That means at infinite
shear stress/load, the zero shear viscosity may appear. Figure 5b is the pictorial
proof of such features exhibited by the rubber-carbon black composites.

The yield stress also played an important role in filled rubber processing where
rheological assumptions cannot be ruled out. As shown in Fig. 6, the upper graph
plot exhibited yield stress value after extrapolation. It shows a common trend of
filler loaded rubber composites. The fillers dispersed into the rubber matrix and
after homogeneous distribution the yield stress value enhances. The rubber polymer
chains adsorb on to the carbon black surface which results increasing bound rubber
content. This bound rubber concept is an effective way to interpret rubber-carbon
black interactions. Increasing the amount of bound rubber enhances the tensile
strength of the rubber-carbon black composites. This can effectively interpret the
tensile strength increment data. But after a certain order of filler loading, the yield
stress value decreases due to lowering of rubber-filler interfacial adhesion and

Fig. 4 Creep (a) and stress recovery (b) plot for unloaded EPDM with variation of stresses at [62]
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increase in filler-filler aggregate formation. When a material is loaded with high
amount of filler with nominal dispersion and distribution of filler due to lack of
rubber/filler weight ratio, the stress dissipation becomes inhomogeneous. This
inhomogeneity in stress or the localized effect/ stress concentration become the
cause of rubber composite failure during service. The crack propagation through the
interfaces of filler particles become so prominent that the rubber-carbon black
composites normally fail easily.

Fig. 5 a Shear viscosity versus shear rate plot for filled EPDM composites at b shear viscosity
versus shear stress [62]

Fig. 6 Yield stress as a
function of filler loading;
1 corresponds to the sandwich
instrument (3 < 10 m3 s−l

and 2, implies the flow
behaviour in rotational
instrument (y > 10−l s−l). [62]
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1.3 Polymer–Carbon Nanotube (CNT) Composites

CNTs-filled polymeric composites have appealed appreciable attention in the
research and techno-commercial area because of their unparalleled electrical and
mechanical attributes. CNT–polymer nanocomposites own immense stiffness, high
tensile strength and reasonable electrical conductivity even at comparatively low
concentrations [63–67]. These uprising eventually stem from the distinguishable
features of the CNTs themselves. Several experiments affecting single-walled
carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) have
established that CNT can have moduli and strength levels in the range 200–
1000 GPa and 200–900 MPa, respectively [68–70]. Additionally, CNTs have very
large aspect ratios (length-to-diameter ratio) in the range of 100–1000 [63]. Such
exceptional properties construct CNTs splendid compound for high strength and
electrically conductive polymer composite fabrication. Several commercially viable
methods adapted by industries are schematically summed up in Fig. 7.

Currently, two major classifications are present regarding the in which CNTs are
being employed, electronics and automotive. In electronic area, especially in the
semiconductor applications, CNTs are utilized to dissipate undesirable static charge
build-up. This dissipative consequence is attained by good dispersing CNTs in the
polymeric composites such that an interlinking morphology of CNT is organized.
This interconnecting network thus provides a conductive pathway. In the auto-
motive manufacturing area, CNTs are used as a conducting agent to assist in
electrostatic painting. These are produced via melt processing

Generically, the phase morphology and characteristics of macroscopically
unoriented CNTs dispersed in a matrix can be sorted into three classes according to
the concentration of nanotubes and the internal morphology correlations between
CNTs. First one is at low concentration portion; where dispersed CNTs stay and act
as separately differentiated tubes or secondarily as little diffused bundles. In this

Fig. 7 Various conventional methods/techniques used to develop polymer–CNT composites
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subclass, there are some short-range inter-tube interactions but no such long-range
interactions are attributed. Therefore, the morphological strengthening in such
dispersions can be considered to take place due to the influence of individual
nanotubes and their aggregation with the features of the polymer matrix.
Changeover from dilute to semi-dilute region concurs with a percolation phe-
nomenon (i.e. the establishment of a matrix crossing backbone path/network made
of nanotubes).

Masterbatch dilution technique is another effective method to disperse CNTs
into polymers matrix. In case of plastics, twin screw extruder is used for mixing
purposes followed by compression moulding. Polycarbonate, a commonly uttered
name in engineering plastic region, was used for polycarbonate CNT nanocom-
posite matrix. The increasing viscosity after the addition of CNT is much higher for
Carbon nanofibres due to their higher aspect ratio. High loading of nanotubes
normally exhibits non-Newtonian behaviour at low frequencies. A sudden jump in
viscosity for high loading of nanotubes may observe which is called step increase.
Such step increment in the viscosity is a specific composition implies rheological
threshold [71].

The type of dispersion can be measured through the percolation threshold (fc, in
vol%). For example, fc is assessed via the concentration of CNTs where linear
viscoelastic attributes of the CNT-based nanocomposite convert from liquid-like to
solid-like state. At this particular concentration, the primarily developed network
traversing path (or backbone property) is acquired. Likely, in the case of a molten
polymer or a polymer solution in liquid phase under its application tenure, elastic
modulus and viscous modulus (G′ and G″, respectively) displays final behaviour
with G′ * x2 and G″ * x, respectively. Loading of CNTs in the polymer matrix
gradually interprets the liquid-like state to solid-like system (i.e. both G0 and G″ are
independent of x as x ! 0 (Fig. 8); in this particular case, CNTs are diffused in
polycarbonate, an engineering polymer). Similarly, the low-frequency complex
viscosity deviates with |η*| * 1/x [72].

Elastic character of CNT–polymer composites can also be analysed by
steady-state shear properties of the materials. Elastic networks formed by CNT
dispersions in a polymer matrix are anticipated to reveal high tensile stress value
and better manifested through their steady-state shear behaviour (Fig. 8) [74]. For
high CNT concentrations, the percolation threshold (f � fc), application of steady
shear (from rest) typically results in a stress wave-off (independent of the polymer
matrix) which balances to a steady-state value (f < fc) at prolonged times. In con-
trary, for dilute mixture of CNTs (specifically SWNTs) in superacid (102% H2SO4),
at low shear rates (Peclet number � 1), Brownian motion manipulates the relax-
ation process and the consequence gyration.

CNT suspensions do not follow Cox-Merz rule in solvent system or in polymer
matrix. The dynamic viscosities represent the dormant or near-dormant state mor-
phology. The steady-state viscosity constitutes steady-state dimension at a constant
shear rate during flow (Fig. 9). It is supposed that the network construction, under
steady shear, primarily self-assembled to adapt the deformation. The enhancement
in the stress is a direct reflection of structural changes which is due to the
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agglomeration or cluster formation. For times bigger than the time comparable to
the maximal in the stress, the fractal/clustered network collapses and the effectual
stress affirmed by the network minimizes. Thus, the targeted stress, or the maximum
stress (rmax) is correspondent to a yield stress limit beyond which the network
begins to flow. This idea is further defended by optical microscopic evaluation of
CNTs agglomeration under flow [75]. For strains just above the lower limit in shear
stress, the fractional domain of the formed network/three-dimensional network
rupturing (bond breaking) and the system deforms until a steady shear viscosity is
attained. The steady-state flow character is controlled by an organization of balance
between bond making and breaking procedures [76].

Fig. 8 a Frequency sweep experiment for polycarbonate loaded with nanotubes at 260 °C [71].
b Change in complex viscosity with respect to nanotube concentration in polymer matrix at
various frequencies [71] (Inset) graphical illustration of (left) distinct nanotubes in matrix below
the percolation threshold, (centre) onset of percolation, c CNTs––polymer nanocomposites with
highly agglomerated bundles having definite array. (Top) at low nanotube concentrations,
(Middle). The onset of solid-like viscoelastic behaviour after adsorption of polymer chain onto
nanotube surface, (Bottom). The onset of electrical conductivity or formation of 3D spatial
percolating network [73]
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In the case of dense colloidal sols, Silbert and co-workers established that under
uninterrupted strain solely, a fraction of the initial (motionless state) amount of
CNT clusters fundamentally accepts the stress and assures the reaction [77].
Contrarily, non-equilibrium molecular dynamics modelling studies of polymer
nanocomposites have discovered the elastic uniaxial elongation of the nanoparticle–
polymer network as the principal effect for the stress dissipation [78].

2 Summary

In this chapter, we a brief discussion on rheological significances of carbonaceous
fillers on polymer matrix has been documented and attempted to explicate those
results in terms of morphology and structure related flow behaviours. Carbon black,
very abundant filler used in polymer matrix (specifically in tyre industries) has been
nurtured by various researchers in light of flow and time-dependent flow beha-
viours. The relation between filler dispersion in polymer matrix and their rheo-
logical features also have been briefly discussed. After summing up the chapter, it
can be said that filler dispersion in a polymer matrix can restrict the mobility of the
polymer chains which results in higher stiffness, modulus and low elongation at
break of the composites. Besides carbon black, carbon nanotube-filled polymer
composites also have been studied. CNTs behaviour in dilute region, semi-dilute
region in polymer composites affects its rheology. The aggregation of CNTs in
polymer matrix was also supported by the small angle scattering phenomena. To
enhance the physicomechanical properties (tensile strength, modulus, hardness,
serviceability, etc.), dispersion of CNTs in polymer matrix in a high degree is
highly demanded. Meanwhile, in a well-dispersed state, the nanotubes can act as
stress transfer domains under shear force. To achieve better dispersion, high shear
force is required. In the case of low shear, CNTs can form cylindrical fractals which
were discussed in the chapter. Finally, we conclude that significant amount of

Fig. 9 Comparison of the
complex and steady shear
viscosities in the light of the
Cox-Merz rule; the
nanocomposites fail to
conform the Cox-Merz rule
presumably due to an
adjustment in the meso-scale
microstructure [74]
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results were published in such core polymer-nanofiller rheology. Hence, there are
plenty of scopes to investigate rheology of filler-polymer composites. Carbon black
and CNTs-based products are normally marketed, where carbon black-filled com-
posites are very common but CNTs based composites have enough scopes. Detail
understanding in polymer–carbon filler composites is crucial for industrial and
academic success for application and research.
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Morphology and Spectroscopy
of Polymer–Carbon Composites

Purabi Bhagabati, Mostafizur Rahaman and Dipak Khastgir

Abstract Over several decades, polymer/carbon filler composites have been
serving the human society through technological prospects to the greater dimension.
While carbon-based fillers like low-cost carbon black have emerged as the most
functional and effective additive in elastomers; similarly, carbon fillers in nano-
metric range (e.g., carbon nanotube, graphene, etc.) are capable of escalating
electrical and thermal conductivity of insulating polymer matrices. However, in all
such cases, the morphology of these carbon fillers in polymer matrix and existence
of any chemical or physical interaction between these fillers and polymer matrix
dictates the overall composite properties. This book chapter discusses the impor-
tance and role of morphology and spectroscopic analysis of carbon fillers on the
properties of polymer composites. Also, a detailed understanding on different types
of carbon fillers, its morphological aspects, and its nature of interaction with various
polymer matrices are thoroughly covered.
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1 Introduction

Over the last two centuries, massive advancements in science and technology have
led the human race to the next level of understanding various materials such as
metals, ceramics, and polymers. Impact of materials on the society is mainly dic-
tated by its usability in various applications. Both the natural and synthetic poly-
mers have attracted extensive interests of researchers, scientists, and of course the
industrialists due to its enormous beneficial properties. Besides all the
application-oriented properties, polymers have low specific gravity that contributes
the maximum to its widespread popularity. However, most of the neat polymers
have restricted mechanical and thermal performances. Composite materials are the
mixture of two or more materials with good degree of homogeneity with superior
properties over its constituents. Compounding of polymers with different fillers
leads to the development of hybrid material of their parent constituents called
“composites,” which have usually synergistic properties. By inclusion of fillers into
a polymer matrix, one can attain a combination of lightweight, toughness, and
transparency of polymers along with the excellent mechanical, physical, and other
properties of rigid fillers. The success in exploiting polymers in load-bearing
applications or applications with the condition of high thermal stability is provoked
by the concept of composite preparation of the polymer. Polymer composite shows
new physicochemical properties by maintaining the individual traits of each phase.

Carbon “C” is a chemical element with atomic number 6, and exists in three
different isotopes; 12C, 13C, and 14C. Among these, the 13C isotope is most stable
and abundant in several forms. The most available form of carbon known as carbon
black was used as pigments back in the third century B.C. There are several other
allotropes of carbon are available, best known as graphite, diamond, fullerene,
carbon nanotubes, carbon fiber, etc. Polymer composites containing carbonaceous
fillers like carbon black (CB), natural graphite (NG), graphenes, carbon nanotubes
(CNTs), carbon fiber and nanofibers (CF and CNF), fullerenes, quantum dots,
diamonds, etc., were been studied for years due to its ability to retain low specific
gravity and impart high electrical and thermal conductivity, and good corrosion and
ultraviolet (UV) resistance to the commodity polymers. All these carbon fillers
differ from each other in many aspects and subsequently imparts several different
properties onto polymer matrices. Carbon black was the first filler to be used as
reinforcing filler in polymer matrices. Also till the present time, carbon black covers
the maximum share as both reinforcing and non-reinforcing filler of polymer
matrices, especially in case of rubber industries in several fields of application.
Electrically conducting polymers are the important group of materials with several
engineering applications including electrically conducting adhesive, electrical
sensors and actuators, antistatic coatings, electromagnetic interference
(EMI) shielding layer in electrical components, etc. Polymers are insulating in
nature and conventionally micron-size metal powders are incorporated into the
polymers to enhance the overall electrical conductivity. But the prime disadvantage
in such polymer/metal composite systems are inhomogeneity and lack of interfacial
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adhesion between the phases that retards mechanical properties of the polymer
composite and increase in specific gravity of the composite, which is frequently an
undesirable characteristic in several applications. Carbons in both sp2 and sp3

hybridized state are capable of conducting electrons, and hence carbon-based
particles like carbon black (CB), graphites and graphenes, carbon nanotubes
(CNTs), carbon nanofibers (CNFs), diamonds, fullerenes, etc., have emerged as
most effective alternative to the metal powders. These carbonaceous particles are
available both in micro and nano size, and they are proven to reduce the filler
content in attaining adequate conductivity [1].

Different Types of Carbon Fillers
Carbon-based filler possesses diversified geometry: globular or spherical structure,
hollow cylindrical tube-like structure, rod-like structure, and flake or platelet-like
structure. Such variation in geometry of these carbonaceous fillers has a profound
effect in improving several properties of the respective polymer composites. All
carbon fillers are more or less electrically conducting in nature due to the unique
state of hybridization of its carbon atoms [2].

In this chapter of the book, we provide a brief description of the morphology and
spectroscopy of carbon filler-based polymer composites. Special emphasis is made
on understanding the effect of shape, structure, geometry, chemical functionality,
and physical interaction of various carbon fillers on the polymer composites.
Besides, the type and effect of different polymer matrices on the composite property
were also explained for further clarity. Recent and up-to-date advances on carbon
filler-based polymer composites were also described along with special case studies
to serve our motto for updating the readers with current and most trending research
scopes in the related field.

2 Morphology and Spectroscopic Characterization

2.1 Morphology

Morphology of polymer composites often creates enigma among researchers due to
the overlapping of several features like length or other dimensions with scales that
are a formidable task for accurate interpretation. However, material scientists show
tremendous interest in understanding the microstructural information in order to
estimate its physical and chemical behavior. The morphology study of polymer
composites under different conditions is highly informative in understanding the
complete behavior of filler distribution and interaction with polymer matrices. In
this case, cryo-fracture, tensile fracture, solvent etching, drop casting, etc., are some
of the commonly used methods to follow sample preparation and analysis.
While SEM, TEM are versatile techniques to analyze fillers of nanometer range, the
AFM and OM are helpful to study polymer composites with micron size. Moreover,
crystallization behavior of base polymer matrices in the presence of fillers are also
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essential to analyze as it provides important information about the physical and
chemical behavior of polymer composites. In morphology through POM study, we
can understand the physical and material characteristics of polymer composites.
A brief discussion on some of the commonly used techniques to study the mor-
phology of polymer composites is mentioned below.

Optical Microscopy (OM)
Optical microscopy of polymer composites renders information about the type of
micro-filler distribution within the polymer matrix. They are not effective in ana-
lyzing the morphology of nanofillers within the matrix. It is the early and most basic
form of microscopic technique that is mostly used to study the surface roughness
and presence of microparticles in samples. Biological samples are mostly analyzed
with this microscopic technique.

Optical Microscopy (POM)
Polarized optical microscopy (POM) is the microscopic technique to visualize
spherulites and its formation process through recrystallization of polymer matrices
both in absence and or presence of fillers. The rate of crystallization of polymer
during cooling and the effect of fillers on the crystalline behavior of polymer can
well be understood through detailed analysis via POM. While nanofillers like CNT
accelerates nucleation in the crystallization process of polymer, the micron-size
fillers like CB hinders early formation of spherulites, which directly affects the
overall physical properties of polymer composites.

Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) is a commonly used microscopic technique
by the material scientists to evaluate the morphology of polymer composites. It
cannot only provide information regarding filler dispersion and distribution but also
indicates polymer–filler interaction in the composites. Besides, SEM is also utilized
in showing up the elemental composition of a particular component. Cryo-fractured
and tensile-fractured polymer composite samples are proven to be highly infor-
mative in terms of adhesion of fillers with polymer matrix. However, chemical or
physical modification of fillers cannot be analyzed through SEM as the technique
involves two-dimensional reflection photomicrographs.

Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) is another sophisticated instrumentation
technique used for the observation of minute change in the morphology of polymer
composites containing nanofillers. It can also be utilized for checking any mor-
phological change in nanofillers during and after modification. The transmittance
mode of TEM allows us to have an insight into negligibly small change in the
nanoparticles.

Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) is the technique to have an overall look of any
microcomposites of polymers in three-dimensional mode as well. However, it is
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important to understand the working principles of AFM that may help us in
determining the modulus of any filler and polymer composites. AFM provides
three-dimensional view of filler distribution in polymer matrix.

2.2 Spectroscopy

Spectroscopy is a technique to understand various chemical modifications of fillers
or polymers taking place during the composite formation. It helps us understand the
different physical and chemical interactions between polymers and fillers. Hence,
the spectroscopic study of a polymer composite comes in the first place while
carrying out a systematic study.

UV Spectroscopy
Carbon blacks are effective as UV stabilizer to polymer matrices as they are capable
of absorbing large amount of UV light and thereby, quench the excited induced by
the UV light in polymer matrices. Hence, it can be understood that UV spectrometer
helps us understand the type of UV light being absorbed the filler in polymer
composites. Besides, reports are also available utilizing UV spectroscopy in
understanding the polymer–filler interaction, where the system contains any UV
active functional groups.

FTIR Spectroscopy
FTIR offers both qualitative as well as quantitative analysis of various functional
groups in chemical compounds. It helps scientists or researchers to estimate the
chemical behavior of materials. Nowadays, it is becoming almost a mandate in any
research activities in the material science field to carry out FTIR study to find its
reactivity in different chemical environments. FTIR is an essential tool to find any
interaction between polymer and filler in polymer composites. Besides, it also
ensures any chemical or physical modification in fillers that may act as an important
aspect in improving polymer/filler adhesion.

NMR Spectroscopy
NMR spectra help us understand the chemical composition of polymers in com-
posites and also quantify mixture components. It can be used for characterization of
polymers by structural analysis, monomer or comonomer ratios, end group analysis,
branching of polymer chains, and calculation of average molecular weights.

Raman spectroscopy
Raman spectra of polymer composites provide information about the state of filler
dispersion. The spectra of polymer composites with fillers embedded within the
polymer matrix undergo shifting of the characteristic peaks of fillers if only good
chemical interaction between polymer and filler exists. Thus, polymer composites
are characterized by Raman spectroscopy that leads us to enhance the knowledge
about filler dispersion and interaction with polymer matrices.
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X-Ray Diffraction (XRD)
XRD is the most common and highly facilitating technique to measure the degree of
crystallinity of polymers and its composites. It can directly reflect the percent of
crystalline and amorphous regions through its spectra. It is the most important tool
in investigating the type of crystallites, its orientation, its size, and extent of
crystallinity in materials. In polymer composites, the presence of interacting fillers
may act as nucleating agent and hence can improve the degree of crystallinity in the
resulting polymer composites. However, a large number of instances support a
decrease in percent crystallinity on the addition of fillers into the polymer matrix
due to hindrance exerted by the fillers during crystallization. All these information
can easily be acquired through XRD analysis.

X-Ray Photoelectron Spectroscopy (XPS)
XPS analysis of solid surfaces provides information about chemical composition
and chemical bonds existing in the samples. During analysis, the samples are
illuminated with specified monochromatic X-rays that produced energy due to
emitting photoelectrons from the surface of the samples. A spectrum of this emitted
photoelectron against binding energy is recorded, which provide chemical com-
positional information of surfaces of samples. Chemical modification of polymer
and polymer composites can well be analyzed with XPS. Further, the chemical
composition of carbon and carbon-based fillers may also be analyzed and surface
modification of these carbon-based fillers can be estimated with the help of XPS.

3 Morphology and Spectroscopy of Polymer/Carbon Filler
Composites

Carbon filler possesses a wide variety of morphology as mentioned in the intro-
duction part, which has an enormous impact on the overall physical as well as
mechanical properties of its polymer composites. While spherical anisotropic
morphology of carbon fillers imparts improvement in the properties of polymer
composites in all directions, the isotropic 2D carbon fillers are capable of shooting
up various properties of the respective polymer composites along the direction of
filler alignment. Further, nano-dimensional carbon fillers are far more effective in
synergizing the properties of polymer composites due to higher surface area. Thus,
it is much of the interest of researchers and scientists to understand the morphology
of fillers before incorporating it into the polymer matrix. Similarly, spectroscopic
analysis of the carbon fillers is also necessary as it has tremendous influence on the
chemical as well as other physico-mechanical properties of polymer composites.
The critical agglomerated structure of carbon filler forms mechanical interlocking
with polymer chains during processing of composites. Besides, the functional
groups present on the surface of carbon black also takes part an essential role in
improving the characteristic properties of polymer composites through the forma-
tion of chemical or physical bonds with polymers chains. Therefore, the process of
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functionalization of other carbon fillers like carbon nanotube (CNT), carbon
nanofiber (CNF), graphene platelets, fullerenes, nanodiamonds, etc., are adopted to
improve the polymer/fillers interaction in respective composites. Spectroscopic
analysis of these modified fillers is necessary that enhance our understanding on the
type of interaction with various polymer matrices. The presence of conducting
carbon fillers at a concentration exceeding its critical value, known as “percolation
threshold” in polymer matrices are capable of inculcating electrical conductivity in
the insulating polymers. The percolation threshold of the conducting fillers in the
polymer composites can be characterized by the abrupt rise in the conductivity of
the composites by many degrees. The percolation threshold is due to the formation
of a three-dimensional conductive network structure of the conductive fillers within
the polymer matrix.

3.1 Polymer/Carbon Black Composites

Carbon Blacks (CBs)
As soon as carbon black was discovered, it was started to be recognized as “active”
filler in rubbers. Presently, carbon black is known for its unique ability to reinforce
weak polymer matrices like rubbers. It is the prime reinforcing filler used in rubber
industries like tire applications. Carbon black is particulate filler, which is com-
monly used in the rubber industry. CB has globular nanometric particle size which
mostly remains in agglomerated form. The main parameters of carbon black for its
reinforcing characteristic are bestowed to its size and shape of the aggregate
structure as shown in the TEM image of various CB in Fig. 1.

An aggregate of carbon black consists of primary particles, which are of
spherical shape in nanometer dimension. These primary particles are chemically
bonded with each other in a much random fashion. Generally, carbon blacks are
characterized by two important properties: its surface area and structure. Surface
area is the measure of the area available for physical interaction with polymeric
materials. Surface area is inversely dependent upon the primary particle size of
carbon black. Smaller the size of primary particles of carbon black, higher is the
surface area. However, the structure of carbon black is directly dependent upon
the size of the aggregates and the type of functional groups present on the surface of
the primary particles. Carbon blacks having aggregates with larger number of
primary particle implies higher structure, which is due to the more complex shape
and physical voids. Surface activity of carbon black indicates the strength of
interaction with rubber either from nonbonded physical interactions or through
chemisorption. Presence of small quantity of functional groups like sulfur (S),
hydrogen (H), oxygen (O), carbonyl (C=O), etc., onto the surface of primary
particles causes increase in surface activity. All these parameters play a significant
role in reinforcing polymer matrices through different mechanisms.

Carbon blacks are the first ever fillers used in polymers including elastomers to
enhance the several physical properties of polymers. Due to its ease of availability
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and in production and variation in properties, it has attained tremendous interest as
additive of polymer. It is the first ever known “Active Filler” for elastomers from
the beginning of the nineteenth century. Carbon blacks in the polymer are capable
of imparting several unique properties into polymer matrices: excellent UV resis-
tance, reinforcement, thermal stability, and chemical resistance in certain cases as
well. The reinforcement capability of carbon black has a profound impact on
today’s tire industries. The whole credit for such unique degree of reinforcement of
carbon black goes to two important factors:

1. The secondary CB structure that contains an aggregate of large number of
primary nano CB particles resulting in complex geometries that form physical
interlocking with the amorphous entangled elastomer chains through occlusion,

2. The surface activity of the CB particles arising from the functional groups
attached to the surface of CB that forms chemical links with elastomer chains.

Hence, the interfacial interaction between CB and elastomer chains is reduced by
the abovementioned factors that further enhance reinforcement through reduced
chain mobility. Hence, the addition of CB in elastomers increases the number of
immobilized elastomer chains, which is also known as “bound rubber.” Higher the
number of bound rubber, higher is the degree of reinforcement. In order to increase
bound rubber content, it is recommended to modify the surface of CB fillers or of
the polymers through chemical or physical methods. The common technique of
improving the surface activity of CB fillers are oxidation in air or acid treatment,
which leads to the attachment of various oxygen-containing functional groups like

Fig. 1 Transmission electron
micrographs of carbon [1]
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–COOH, –COOR, –OH, etc. Similarly, the polymeric chains are also modified via
copolymerization or adding various chemical compatibilizers like maleic anhydride
or dicumyl peroxide (DCP). Grafting of polymer chains onto CB surface further
improves the overall polymer–filler interaction and thereby enhances the final
properties. Based on the environmental condition, plasma treatment of CB also
alters the surface chemistry of CB. The addition of such surface-activated CB into
the polymer matrix increases the compound viscosity due to immobilization of the
entangled polymer chains. In other words, elastomeric chains are physically
crosslinked, which causes enhancement of mechanical and thermal properties of the
resultant polymer composites. In the subsequent section, detailed information on
various aspects of CB towards polymer composites is discussed in order to induce
an easy understanding on the subject matter.

Carbon Black Composites
Carbon blacks are intimately related to elastomers in the form of reinforcing fillers.
Addition of CB fillers not only improves elastomer mechanical properties but also
converts it from insulating material to a semiconducting or conducting material.
The electrical conductivity of various polymer components is highly important for
manufacturers in several applications like in electrical components. From the
electrical point of view, CB is very much homogeneous with amorphous rubber
matrices. While, rubber materials are insulating by nature (r < 10−13 X−1 m−1), the
CB particles are semiconducting (r * 105 X−1 m−1). CB imparts conductivity in
composites essentially in the dielectric range, and no physical contact would be
there between individual particles. However, at higher CB loading, three-
dimensional conducting network structure gets introduced that leads to abrupt
rise in conductivity of the composite, noted as critical volume fraction of the
conducting material also known as percolation threshold. Interestingly, above this
critical concentration of the CB filler, nominal change in conductivity is observed.
Conductivity of the polymer composite depends upon the number of contacts
between CB particles within the polymer matrix. Again, the critical volume of
conducting filler to attain percolation threshold depends upon the degree of uni-
formity in the dispersion and extent of polymer–filler interaction. Enhanced poly-
mer–filler interaction along with improved dispersion lowers the critical volume
fraction. Further, the interaction between polymer and filler is well dictated by the
chemical nature of the surface of CB particles and its primary and secondary
structure, while the chemical structure of polymer matrix also influences to a greater
extent. Hence, the properties of polymer/CB composites are mainly dependent upon
three broad factors: the degree and state of CB filler dispersion in polymer matrix,
the inherent principal properties of the CB fillers like particle size and shape,
surface area, geometry of aggregates, and surface activity, and third the polymer–
filler interaction [3]. The state of dispersion of these CB fillers within polymer
matrix is one of the deciding factors of physical properties of polymers composites.
Sumita and coworkers have made an extensive study on understanding the mode of
dispersion of these fillers into polymer matrices [4–6]. They reported increasing
properties of composites on the addition of surface modified CB over untreated CB.
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Park and Kim also have made significant study in understanding the effect of
surface treatment of CB with polar or nonpolar functional groups on polymer–
rubber interaction. They reported to have obtained large improvement in polymer–
filler interfacial interaction parameter on organic modification of CB, which further
caused significant increment in mechanical properties of the rubber composites [7].
CB can enhance properties of polymers even up to the loading as high as >60 wt%;
however, further addition may lead to reduction in properties. While the incre-
mental aspect of properties in amorphous polymers like rubbers is much prominent,
the effect is comparatively insignificant in case of semicrystalline plastic materials.
The electrical property of CB/epoxy resin composites were studied by Ma et al., in
the year 2009, where they have made a detailed analysis of the CB/CNT mor-
phology onto polymer electrical properties and the mechanical properties as well
[8]. According to the report, there is a significant increase in conductivity of epoxy
composites on the addition of CB along with CNT at low loading, e.g., 1–2 wt%.
Such hybrid composites of carbon material are more efficient in enhancing electrical
conductivity through developing percolation even at lower loading. Both CB and
CNT form some conducting channeled networks for electrons to pass through the
insulating polymer matrix, and thereby result in significant increment in the overall
conductivity. TEM images of prepared composites with 0.2 wt% of CNT, 0.2 wt%
of CB and both the fillers are shown in Fig. 2a–c, respectively. While, the CNT
fillers are more of agglomerated form in its composite, the spherical shape of CB in
the composite itself is unable to form any network structure at such low loading.
However, in the case of hybrid composite of CB/CNT, well-defined channeled
structures were observed, in which the CB particles are attached with and around
the end of CNTs. In this case, the gap between the CNT particles was filled by CB
particles, thereby formation of conducting networks. For better understanding, the
authors have made an illustrative schematic of the images in Fig. 2d–f, respectively.
Hence, a low percolation threshold was observed with only 0.2 wt% CB and CNT
in the composites.

Besides improving the electrical property of composites, the mechanical prop-
erties were also synergized by the addition of CB fillers in the composites. While,
the epoxy composite with only CNT has insignificant improvement in mechanical
properties, the addition of CB in 0.2 wt% was capable of greatly enhance both the
ductility as well as fracture toughness of the hybrid composites. Thus, CB acts as
efficient low-cost multifunctional filler in polymer matrices.

CB is also known as a stabilizer to polymer matrices in its composites and it can
be well understood that the polymers are getting protection from UV light. Hence
saturated polymers like polyethylene (PE), polypropylene (PP), polyesters, etc., are
some of the polymers that are benefited with CB fillers in specific to outdoor
applications like water tank, covering sheets, etc. [9]. Further, the addition of CB
into polyester matrices can improve its optical properties along with UV light
stability. However, it is important to mention that the nature of optical properties is
strongly dependent upon the type of polyester used. For polyesters with different
aromatic rings in the main or side chain can show varying fluorescence band at
longer wavelength [10]. The peak observed in the UV spectra is due to absorption

304 P. Bhagabati et al.



of light energy by the chromophoric functional groups in UV and visible region,
which involves excitation of electrons from n to p* orbital. This is only possible
because such transition falls under the region of spectrum 200–700, which is within
the convenient region of the instrument. The increased absorbance value of com-
posites with increased CB content may be interpreted with the increased proximity
of interchain interaction between polymer chains and increased local concentration
of functional groups of CB. The UV–visible–NIR absorption spectra of carbon
black are shown in Fig. 3, where the carbon blacks are seen to show great
absorption in the whole UV region [11].

This indicates great UV blocking effect of carbon black, which has an obvious
positive influence on its rubber composites. The UV shielding effect of the CB is
helpful in protecting unsaturated rubbers from being degraded by ozone attack.

3.2 Polymer/Carbon (Nano) Fiber Composites

Carbon (Nano) Fiber
The history of carbon fiber was dated more than a century back in the year 1889. In
the years 1970 or 1980, a new research trend has taken over the polymer composite
field, with the addition of carbon nanofiber (CNF) into various polymeric matrices,

Fig. 2 TEM images of a CNT/epoxy composites with 0.2 wt% loading, b CB/epoxy composites
with 0.2 wt% loading, and c CB/epoxy composites with 0.2 wt% CNT and 0.2 wt% CB loading
[8]
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especially plastics. The reason behind the growing interests in CNFs is because they
are capable of providing many solutions to certain challenging problems in existing
in glass fiber-reinforced composites. CNFs provide a complete package of superior
mechanical, thermal, structural performance, along with the cost advantages over
other carbon-based nanofillers like fullerene, graphene, and CNTs. CNFs can be
produced in bulk and in that case, its production cost is very much comparable to
E-glass fibers, while the properties like mechanical, thermal and electrical are far
better than its glass fiber counterparts. CNFs is produced by catalytic chemical
vapor deposition (CVD) method which involves an effective catalytic degradation
of hydrocarbon gases or carbon monoxide (CO) at temperatures in the range of
500–700 °C, in presence of several metals like iron (Fe), cobalt (Co), Nickel (Ni),
or some alloys. Based on the production technique and condition, a wide variety of
morphology can be observed in the case of CNF. The vapor grown CNF (VGCNF)
are another type of CNF with diameter ranging from 60 nm to 200 nm and length
of *7–10 lm. VGCNF has hollow cylindrical morphology with single or double
ordered graphitic layers. Besides, bamboo-like morphology, graphitized cup
stacked-like morphology, and nested conical shell structure-like morphology are
also available [12, 13]. The addition of two-dimensional fibers into polymer
matrices improves various properties along a particular direction more effectively
than anisotropic fillers. Carbon fibers are the most common type of 2D fillers used
in polymer matrices. However, carbon nanofibers are found to be better in terms of
improving its properties that are not only due to its higher aspect ratio but also due
to better adhesion with polymers.

Carbon (Nano) Fiber Composites
Inclusion of CNF into polymer matrices is to serve several application-oriented
purposes, in specific to improving mechanical properties, electrical and thermal

Fig. 3 UV–visible–NIR
absorption spectroscopy of
carbon black [11]
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conductivity and sometimes to improve thermal properties. Hence, CNF/polymer
composites are used in many hi-technology applications like in spacecraft, air-
planes, artificial satellites, etc. Tensile strength and modulus of CNF is intrinsically
at least two to threefold higher than neat polymer matrices. Other than its excellent
mechanical properties, good polymer–filler adhesion, and uniform dispersion and
distribution of individual nanofibers within the polymer nanocomposites are
important that determines the overall mechanical properties of nanocomposites.
Several techniques are been followed to improve the dispersion of CNF into various
polymeric matrices. CNFs exhibit strong van der Waals force of attraction that is
responsible for the enhanced tendency to agglomerate. Formation of agglomeration
of CNFs causes an improper state of filler dispersion in the polymer matrix, which
in turn affects the mechanical, thermal and other physical properties of polymer
composites. However, the defects present due to side wall and open end H atoms of
sp2 and sp3 defects can also take part in the electrophilic substitution reaction with
some polymer matrices like via in situ polymerization of 3-phenoxybenzoic acid in
the medium of poly(phosphoric acid)/phosphorus pentoxide (PPA/P2O5; 1:4 w/w)
[14]. The nanocomposites have shown improved thermal properties like increased
Tg and oxidative degradation stability. Further, CNFs were modified by
4-(3-aminophenoxy) benzoic acid through Friedel–Crafts acylation reaction, which
was later grafted with polyimide chains via in situ polymerization technique [15].
Heat treatment of CNF at an optimum temperature of 1500 °C graphitizes the outer
surface of the nanofibers along the fiber axis and improves physico-mechanical and
electrical properties of nanocomposites. Attaching oxygen onto the surface of the
CNF leads to polymer–filler adhesion in the composites by increasing the overall
surface free energy of the nanofibers. Grafting of oxygen onto the CNF surface is
mostly carried out by following three different procedures: etching of the nanofibers
in oxygen environment at temperature of around 400–600 °C, soaking and sub-
sequent rigorous treatment with strong inorganic acids like sulphuric acid, or sul-
phuric acid/nitric acid, etc., and by oxygen plasma treatment [16, 17]. Such surface
modification of CNF can be characterized by a decreased water contact angle value.
Plasma treatment of CNF in oxygenated environment leads to attachment of four
different types of functional groups: carboxylic, carbonyl, phenolic, and hydroxylic
groups. Though the polymer–filler interaction rises in case of treated CNF over neat
CNF, but the increase in mechanical properties of plasma-treated VGCNF/PP
composites are marginal, which can be ascribed to poor dispersion of these filers
[18]. However, at higher filler loading (15 vol%), air-etched VGCNF has shown far
better mechanical property and polymer–filler adhesion over graphitized VGCNF in
PP matrix. In the latter case of graphitized VGCNF/PP nanocomposite, the frac-
tured surface contained longer pulled out fiber than the air-etched VGCNF/PP
nanocomposite as shown in Fig. 4, indicating better adhesion between CNF and PP
polymer matrix [19].

Further, aligned CNF within polymer matrix can introduce a certain degree of
improvement in properties. Gordeyev et al. successfully inculcated CNF into
semicrystalline polymer matrices and stretched into fibrillar form to produce
self-reinforced structure [20]. VGCNF/PP composite was spun and drawn from
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melt extruder to produce high strength filaments with improved properties. In such
case, the drawing ratio and filler volume percentage affect the final property of the
composite filament. Thus, the nanofibers can be aligned within polymer matrix
during the processing stage through melt spinning or extruding, where the degree of
fiber alignment can further be increased by increasing the overall residence time in
the die. In case of resins-like epoxy, the composites were prepared by casting
solution of epoxy onto CNF mats under vacuum followed by curing and it leads to
improved flexural strength and modulus by 30 and 5%, respectively. Alignment of
CNF in polymer composites always leads to improvement in several properties
including mechanical, thermal and electrical conductivity. Application of AC
electric field has been established as one of the most promising methods for
developing alignment of CNF in the polymer matrix. Lim et al. have made an
extensive study on the effect of AC electric field induced alignment of carboxylic
acid and amine functionalized CNF onto the mechanical and electrical conductivity
of epoxy resins at low filler concentration (maximum 4.5 wt%) [21]. Placing the
epoxy/functionalized CNF suspension in high voltage AC current leads to align-
ment of the fibers within epoxy matrix. From Fig. 5, the aligned structure of both
carboxylic acid and amine functionalized CNF can be estimated through the optical
micrographs.

From Fig. 5, it can be realized that the functionalized CNF are aligned along the
direction of the applied electric field. Besides, it was reported that the extent of
alignment of the nanofibers is concentration dependent in both the cases. At higher
filler concentration, the alignment structures of the functionalized CNF are more of
dense web-like tiny bundles. It was also observed that the compressive strength, as
well as modulus of both functionalized CNF composites, was much higher than the
neat epoxy resins. Hence, the alignment of nanofibers has within the polymer
matrix improved the mechanical properties of epoxy resin composites. Similarly,
the electrical resistivity of the composites was observed to be fourfold lower than
the neat epoxy at a concentration of 4.5 wt% of functionalized CNF.

Fig. 4 SEM micrographs of a air-etched VGCNF/PP composite; b graphitized VGCNF/PP
composite [19]
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Functionalization of CNF with 3-glycidoxypropyltrimethoxysilane was reported to
improve mechanical properties of epoxy composites due to uniform state of filler
dispersion [22]. While CNF contributes in improving the tribological properties like
wear resistance of poly(ether ether ketones) (PEEK) [23], it also enhances the
tensile strength and stiffness of the nanocomposites [24]. Also, the thermal stability
of polycarbonates (PCs) was increased by 40 °C via following in situ polymer-
ization of cyclic oligomeric carbonates [25]. Besides, silver doped CNF (AgCNF)
and silver-modified natural zeolite-CNF (AgZCNF) were incorporated into epoxy
resin and was successfully demonstrated to use as a detection tool for Ibuprofen
(IBP) in aqueous solution [26]. Hence, a multidirectional attributes of CNF can be
observed from a wide literature available to the scientific community towards the
benefit of mankind in every aspect. While, the chemical and physical modification
of these nanofibers has resulted in improved morphology of respective nancom-
posites, the enhanced adhesion with the base polymer matrix has got direct influ-
ence onto its mechanical, thermal and electrical properties as well. Thus, the cost
advantage of CNF can commercially be explored by carrying out different eco-
nomically viable chemical and physical modification of the CNF.

Fig. 5 Optical images of alignment structure of composites a Epoxy/carboxylic acid function-
alized CNF (0.5 wt%), b Epoxy/carboxylic acid functionalized CNF (1.5 wt%), c Epoxy/amine
functionalized CNF (0.5 wt%), d Epoxy/amine functionalized CNF (1.5 wt%). The red color
arrow indicates the direction of aligned CNF [21]
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3.3 Polymer/Carbon Nanotube (CNT) Composites

Carbon Nanotube (CNT)
After the discovery of fullerene, another important allotrope of carbon was syn-
thesized by Iijima and coworkers in the early 1990s. Through the extraordinarily
extended p-electron system, carbon nanotubes (CNTs) exhibit different properties
that are much relevant to be considered as smart material. It shows excellent
electrical properties of conductivity ranges 1000–200,000 S cm−1. Also, it is cap-
able of exchanging electrons with electron donors or acceptors and thereby forms
negative or positive charged ions [27, 28]. Though diamond has higher thermal
conductivity over CNTs, but the recent technique of synthesizing CNTs are capable
to overshadow the diamond in terms of thermal conductivity. A considerable
number of polymers are employed to prepare CNT-based nanocomposites, where
improvement in various properties like mechanical, thermal, and electrical were
reported when compared with the base polymer matrix. However, researchers
continually are an effort to modify the nonreactive surface of the CNTs to make it
reactive towards organic polymers. In the coming section, a broader discussion on
the various methods followed to prepare polymer/CNT nanocomposites through
spectroscopic illustration and effect of the nanotube morphology on the general
properties of the nanocomposites will be discussed.

Carbon Nanotube (CNT) Composites
From the time of the discovery of CNTs, a number of approaches have been
reported to prepare CNT/polymer nanocomposites with the purpose to improve
certain application specific properties like electrical conductivity, thermal conduc-
tivity while retaining the mechanical properties and thermal degradation stability of
the polymer uncompromised. Like graphene nanocomposites, the final properties of
polymer/CNT nanocomposites are also very much dependent upon several factors.
The major hurdle in preparing the nanocomposites of CNT is its nonreactive surface
property towards polymeric chains. The defect-free sp2 hybridized network struc-
ture of carbon atoms makes it chemically inert to polymer matrices. However, it is a
necessary requirement for nanofillers to have good adhesion or interaction with
polymer matrices so that there would be effective stress transfer across the poly-
mer–filler interfaces during mechanical testing. Surface modification of CNTs via
different physical and chemical route enhances the interaction between polymer
matrices and the CNT fillers. In this case, the nature or type of modification is
dependent upon the chemical nature of the polymer matrices. More detailed dis-
cussion of various modification techniques is already discussed in the previous
chapter of the book. Also, it is important to mention that good polymer–filler
interfacial adhesion leads to uniform dispersion of the nanofillers within the
polymer matrix, which is important in dictating the material characteristics.

The surface modification of CNTs can broadly be classified into two categories:
in the first case, carboxylic acids will be directly bound to the end of the CNT
openings in the process of chemical oxidation through acid treatment and amine
treatment [29]. In the process, the CNTs are mostly treated with strong acids such as
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HNO3 and H2SO4, which creates carboxylic acid moieties onto the nanotube sur-
faces. The disadvantage of this process is that the strong acids are capable of
breaking down the CNTs into smaller pieces [30]. Besides, silanization of the
functionalized CNTs using organo-silane as coupling agent has gained popularity.
A commonly used silane coupling agent is 3-aminopropyltriethoxysilane (APTES)
and Fig. 6a, b shows the FTIR spectra of raw CNT and silanized CNT, respectively.

Whereas, Fig. 6b indicates chemical reaction between APTES and functional-
ized CNTs [31]. As shown in the FESEM images of unmodified-, oxidized-, and
silane-modified CNTs in Fig. 7, it was reported to have improved the
de-agglomeration of the CNT bundles as shown in FESEM images of the CNTs in
Fig. 7 on silane functionalization of the CNTs. Hence, silane modification of CNTs

Fig. 6 a FTIR spectrum of raw multi-walled carbon nanotubes; b FTIR spectrum of silanized
multi-walled carbon nanotubes [31]
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is capable of improving the dispersion of CNTs within polymer matrices without
causing any significant damage to its surface. Hence, silanization of CNTs are is of
the promising techniques of improving its adhesion with organic polymer matrices.

There is several other organo-silanes available in the market that differs in their
activity with respect to the process of modification followed. The second category
includes the plasma treatment that permits fixation of various functional groups
onto the surface of the CNTs. Plasma treatment of the CNTs is advantageous over
the acid functionalization for its noncorrosive nature onto the surfaces. Thus, this
kind of treatment almost retains the overall characteristics of the CNTs [30].
The XPS C 1 s spectra of raw CNT, acid functionalized CNT, and plasma-treated
CNT are shown in Fig. 7a–c, respectively.

While the O 1s spectra of the all the mentioned three samples are shown in
Fig. 8d–f, respectively. The typical peak in the rawCNT in Fig. 8a can be observed in
284.6 eV for the sp2 hybridized C atom, while in case of acid functionalized CNTs in
Fig. 8b, the peak at 286.2 eV corresponds to the C atoms that are bound to oxygen
atoms of carboxylic acid of CNTs. Finally, the peak at 287.2 eV in plasma-treated
CNTs as shown in Fig. 8c is due to the C atom that is bound to an oxygen atom by

Fig. 7 FESEM images of
multi-walled nanotubes a as
received b oxidized, and
c silanized with
3-aminopropyltriethoxysilane
(APTES) [31]
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Fig. 8 C ls XPS spectra of a untreated CNTs, b acid-treated CNTs, c plasma-treated CNTs; and O
1s XPS spectra of d untreated CNTs, e acid-treated CNTs, f plasma-treated CNTs [32]
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double bond due to the influence of plasma. Similarly, in Fig. 8d, there is noO 1s peak
for raw CNT, while the two peaks at 531.7 and 533.0 eV in Fig. 8e of acid-treated
CNTs are due to C–OH and C–OOH bonds developed in the nanotube surface. The
peak for plasma-treated CNTs in Fig. 8f is at 287.5 eV that indicates the characteristic
O 1s peak of carbonyl group (C=O) [32]. From the XPS spectra of all CNT samples,
the introduction of oxygenated functional groups was established. Hence, the spec-
troscopic study of the raw andmodified CNTs is important characterization technique
to understand the degree and nature of modification in the surface of nanotubes. Also,
analysis of FTIR spectra of the treated CNTs can provide detailed information about
the type of functional groups attached during the modification process. As for
examples, oxidation of CNTs by ultraviolet or ozone treatment (UV/O3), reduction
with lithium aluminum hydride (LiAlH4), or silanization with the organo-silane
coupling agent named 3-glycidoxypropyltrimethoxy silane (GPTMS) can be quali-
tatively characterized by FTIR analysis. For better understanding, Fig. 9 shown here
is from the work reported by Ma et al., where the FTIR spectra of all the raw and
modified CNTs are shown in a sequence [33].

The presence of two peaks at 1715 and 1160 cm−1 are attributed to the C=O and
C–O stretching vibration of carboxylic acid. Whereas, the disappearance of the
peak at 1715 cm−1 indicates reduction of the –COOH group into –OH
group. Finally, in the case of silane functionalized, CNTs have shown broader band
at 3410 cm−1 and also the band at 1384 cm−1 was disappeared, while the
appearance of two new peaks at 2914 and 2848 cm−1 refers to the methylene
groups from the GPTMS molecules. Similarly, both 1H and 13C NMR study also
provides useful information regarding functionalization of CNTs. Hence, spectro-
scopic studies are the important characterization techniques to understand the

Fig. 9 FTIR spectra of the MWCNTs a Pristine, b UV/O3-treated, c Reduced, d Silanized [33]
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modification of various nanofillers including CNTs. Furthermore, these techniques
are also widely used for the characterization of polymer nanocomposites of CNTs,
which includes some of the common morphological studies through FESEM, TEM
and XRD analysis. Currently, the most popular technique to modify the surface of
the CNTs by means of grafting of various polymers is through in situ polymer-
ization technique. A large variety of polymers are been physically or chemically
grafted or coated onto the surface of CNTs. Figure 10a, b refers to TEM images of
neat CNT and PS modified CNT, wherein Fig. 10b, a clear layer of polystyrene
(PS) over the surface of CNT can be noticed.

In the work, the CNTs are covalently modified with PS through polymerization
of styrene monomer under microwave irradiation. It is universally known that the
morphology of nanofillers within the polymer matrix affect overall properties of
polymer nanocomposites. Functionalization or modification of CNTs can alter the
surface and structural morphology of the nanotubes. Generally, organic polymers
barely interact with the nonreactive CNTs, while functionalization of its surface can
improve polymer–filler interfacial adhesion. Besides, surface modification of CNTs
can also improve the overall degree of dispersion of the nanotubes within the
polymer matrix, which further depends upon the type of polymer used. It is obvious
that the morphology of the CNTs within polymer matrices dictate the final prop-
erties of the nanocomposites like electrical, thermal, mechanical, and other physical
properties. In the subsequent paragraph, a more detailed and scientific discussion
will be made on the effect of morphology on various properties of nanocomposites.

Electrical properties of CNT-based polymer nanocomposites is excellent and the
conductive mechanism is mainly by the electron transport through tunneling or
electron hopping that occurs along the interconnected CNT networks [34–36]. The
high aspect ratio of the CNTs is an important factor contributing to the electrical
properties of the polymer nanocomposites. CNTs in polymer nanocomposites are
capable of exhibiting very low percolation threshold for electrical conductivity due
to its nano-dimension and high aspect ratio. Presence of well-aligned CNTs in

Fig. 10 TEM images of a purified and b PS-modified MWNTs [34]
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polymer nanocomposites shows much higher electrical conductivity along the
direction of the alignment rather its cross section. Furthermore, proper alignment of
the CNTs in the polymer matrix enhances the electrical conductivity of the polymer
nanocomposites to the maximum extent. Nevertheless, the process of aligning
CNTs in the viscous polymer matrix is a much tough and tedious job to accomplish
due to its high aspect ratio and flexibility. The incorporation of tiny quantity of
CNT nanofillers into polymer matrices can improve the electrical properties to
several times higher, which is due to the formation of an extra electrically con-
ductive network structure [37]. However, higher concentration of CNTs in polymer
matrices has detrimental effect on the electrical properties of nanocomposites which
is due to the formation of aggregation [38]. In other words, the electrical percolation
threshold of CNTs in polymer matrices is dependent upon aspect ratio, dispersion
and alignment of the nanotubes within the polymer matrix. Uniform and well
dispersion of nanotubes generally have high aspect ratio, thereby resulting in lower
percolation threshold in the nanocomposites [39]. Liang and Tjong developed
nanocomposites of LDPE/CNT with only 1.1 vol% of CNT, which they reported to
have high electrical properties, dielectric constant in special with minimum
agglomeration and excellent state of nanofillers dispersion [40]. Figure 11 shows
the SEM images of the fractured surface of uniformly dispersed CNTs which are
the white dots well distribute within the LDPE matrix.

A large number of researches have already been published with the focus on
improving the electrical properties of flexible insulating polymeric material for
special purpose applications like light-emitting diode (LED) applications, electro-
magnetic interference (EMI) shielding in electronic equipment and sensors, etc.
Jung et al. have fabricated an extremely flexible hybrid composite structure of
multiwall carbon nanotube (MWCNT) arrays in poly(dimethylsiloxane) (PDMS)
matrix using lithographic patterning technique [41]. These flexible nanotube
composites are sufficiently robust against high stress retaining its conducting
behavior and exhibit unique electromechanical properties. The PDMS/MWCNT
composite has the potential to be utilized directly in the form of flexible field
emission devices and as gas sensors.

Fig. 11 SEM micrographs of
LDPE/1. 9 vol% CNT
nanocomposites [40]
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Though the mechanical property of CNTs is appreciably higher than polymeric
materials, but many times, it becomes a tough process to transfer its high
mechanical properties into polymer matrices. Poor polymer–filler interfacial inter-
action is the main factor to act on this problem, and it is extremely necessary to
overcome this difficulty. Nevertheless, the researchers are capable to improve the
interfacial bonding between polymer and CNTs through following various tech-
niques like covalent or non-covalent surface modification. Modification of CNTs
surfaces with amine treatment followed by plasma oxidation to improve the surface
functionality helps improving the interfacial bonding with epoxy resins, thereby
improves the overall mechanical properties of the resulting epoxy/CNT
nanocomposites [42]. Such modification in the surface of CNTs is turned out to
be highly effective in improving mechanical properties of the polymer matrix. In
this case of epoxy matrix, the plasma treatment has outperformed the acid and
amine treatment and the subsequent nanocomposite showed highest increment in
ultimate tensile strength from 26 to 58 MPa [32]. The excellent state of dispersion
of the CNTs within the epoxy polymer matrix along with strong polymer–filler
interaction are the main reasons behind the stupendous property improvement in
epoxy matrix, which can be understood from the FESEM images of the fracture
surface of epoxy composites containing 1 wt% of plasma-treated CNTs in Fig. 12.

Similarly, acid treatment of MWCNT leads to the formation of large number of
functional groups by creating defects onto its graphitic surface, and mostly produce
carboxylic groups which act as the most reactive location with polyamide 6 (PA 6)
[43]. In such case, simple melt compounding can even result in uniform dispersion
of the CNTs within the PA 6 matrix. A direct influence of such morphology can be
observed from its mechanical properties, where inclusion of 2 wt% of MWCNT
improved the elastic modulus of PA 6 by 214% and yield strength by 162% [44].
Similarly, acid-treated CNTs bearing large number of functional groups are able to
improve the mechanical properties of high-density polyethylene (HDPE)
nanocomposites. The CNT/HDPE nanocomposites with increasing concentration
(vol%) of nanotubes from 0.11, 0.22, 0.33 to 0.44% lead to improvement in
Young’s modulus from 6.7 to 100%; and strain at fracture from 863 to 1069% [45].
Hence, researchers are continuously trying to elevate and transfer the beneficial

Fig. 12 FESEM images of
the fracture surface in
composites containing 1 wt%
of plasma-treated CNTs [32]
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properties of CNTs into polymer matrices. In nanocomposites good adhesion
between CNTs and polymer matrix are key to the effective transfer of applied load
or stress from the weak matrix phase to strong CNT fillers. Besides, aggregation or
agglomeration of the CNTs in the polymer matrix can lead to serious deterioration
in mechanical properties, as these are the prime points of stress concentration
during the testing. Besides, the well-separated CNTs have maximum available
surface area that can be utilized in the formation of bonds with polymer matrices.

Like mechanical properties, the thermal properties of polymer matrices are also
influenced by the presence of CNTs in different forms and in this case morphology
plays a vital role in dictating the property. The thermal conductivity of polymers is
also affected by the incorporation of CNTs. The thermal conductivity of polymeric
material is considerably low; and incorporation of conducting CNTs is efficient
enough to improve the property. Furthermore, a well-aligned morphology of the
CNTs in the polymer matrix further improves the thermal conductivity to a much
greater extent along the direction of alignment. Figure 13a is the SEM images of
CNT/silicon rubber nanocomposites, while Fig. 13b shows increasing thermal
conductivity of silicon rubber nanocomposites along the direction of the aligned
CNTs [46].

Besides, CNTs are also reported to improve thermal degradation stability of
certain polymers, which is considered to have similar flame retardancy like clay
particles [47]. Similarly, the poly(ethylene vinyl acetate) copolymer (EVA)/
MWCNT also showed high flame resistance property that surpasses the EVA/clay
nanocomposites [48]. Also, the thermal stability of polyurethane (PU) was
improved by the addition of minor concentration of MWCNTs that is expected to
arise not only from the higher thermal stability of nanotubes, but also from the
strong polymer–filler interaction in the nanocomposites system [49]. The mecha-
nism of improving thermal degradation stability of the base polymers can be
attributed the MWCNTs, where the nanotubes are capable of reducing the heat
release rate of the base polymer matrix significantly. The MWCNT network
enhances the mechanical integrity of a thermally insulating layer that also acts as a
barrier to the degraded products to the gaseous phase [50]. Besides, the presence of
minor amount of iron in the PP/MWCNT nanocomposites has direct influences on
the flame retardancy efficiency. During the combustion process, the iron particles
convert into iron oxides, it can act as flame retardant additive in certain polymeric
systems.

3.4 Polymer/Fullerene Composites

Fullerenes
In the year 1985, Kroto et al. discovered Buckminsterfullerene C60 in Rice
University [51]. Structurally, a single C60 fullerene molecule consists of 12 pen-
tagons and 20 hexagons of sp2 hybridized carbon atoms. There are several other
forms of fullerenes that consist of more number of carbon atoms like C70 and its
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other homologs like C76, C78, C80, C82, C84, etc. The stability of the fullerene
homologs increases with decreasing number of carbon atoms.

Fullerene Composites
Introduction of nanoparticles into polymer matrices generally leads to many
changes on material properties, which is difficult to comprehend by extension of
macroscopic fillers. Well-dispersed nanoparticles can dramatically enhance the
material stiffness, optical, gas barrier properties, electrical, thermal, and
fire-retardant properties of composites. Such a unique range of properties of

Fig. 13 a SEM image of the side view of aligned MWCNT in silicon rubber matrix (inset: a
high-resolution TEM image of an isolated MWNT showing eight nested nanotubes) b Thermal
conductivity enhancement (composite—matrix) versus weight fraction of MWNT in both aligned
and unaligned nanocomposites (inset: thermal conductivity for selected MWNT/silicone elastomer
composites) [46]
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polymer nanocomposites is usually rationalized in terms of the large surface
area-to-volume ratio of the nanoparticles. The unusual hollow ball-like structure of
fullerene molecules has tremendous influence on optical and transport properties of
its polymer composites.

Fullerene and its derivatives show a wide range of applications in thin film and
photovoltaic applications [51]. The unique structure of fullerenes in its composites
with polymer develops unique electronic structure and subsequent properties.
Furthermore, its easy accessibility to doping and charge transfer results customized
control on the electronic properties of composites. Therefore, polymer/fullerene
composites have attracted more attention for electronic applications. Alejandro
Sanz et al. reported in-depth study in structure–property relationship of polymer
composites of the glass forming polymer polystyrene (PS) with fullerene [52].
Extensive work was carried out to understand the impact of fullerene on the glass
formation of PS in terms of degree of dispersion of fullerene nanoparticles, mor-
phology and spectroscopy. Morphology of the PS-C60 nanocomposites was
investigated to find the type of nanoparticle dispersion in PS matrix. The spun-cast
films of nanocomposites with a C60 concentration of around 4–5% exhibited uni-
form and homogeneous state of dispersion of nanoparticles within the matrix.
However, within minutes after annealing at 180 °C, the fullerene nanoparticles at
concentration >1% C60 started to cluster and develop nucleation. At sufficiently
high fullerene concentration (4–5%), spinodal-like patterns were emerged, which
was speculated due to the correlated nucleation of C60 as represented in the optical
micrographs in Fig. 14.

Dielectric spectroscopy provides further insight into the influence of fullerenes
(C60) onto the segmental dynamic properties of PS as in Fig. 15. Due to very small
b-relaxation of PS, more focus was made in the a-relaxation. The maxima observed
in the dielectric loss data as a function of frequency corresponds to the relaxation.
Addition of fullerene to PS resulted shifting of the maximum peak towards lower
frequencies, indicating slowing down of the PS segmental motions.

The effect of fullerene agglomeration on the dielectric response, the in situ
thermal annealing of the nanocomposites was carried out at 175 °C for 60 min that
is shown in Figs. 15 and 16, respectively. A shifting of the peak maxima toward
higher frequencies after annealing is the indication of reduced restriction of polymer
chain, which is due to lowering of the overall surface-to-volume ratio of fillers in
the nanocomposites.

The application spectrum of fullerene in polymer matrices is quite broad. While
the water-insoluble fullerene can be made soluble in water via developing
nanocomposites of certain water-soluble polymers like polyvinyl alcohol (PVOH),
PVP, PEO, PEG, etc. Incorporation of fullerene C60 into a complex like PVP
changes its electronic structure, as polymer affects its p-electron system, which can
be understood from the UV spectroscopy [53]. Such complexation is also accom-
panied by local changes in the chain conformation, i.e., the formation of a loop
around a C60 molecule. Though the loop formation does not lead to any confor-
mational changes in a polymer chain as a whole but the authors have reported that
the overall electron density transfer onto a fullerene molecule to be higher than 8%
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Fig. 14 Optical micrographs of PS and PS-C60 thin films after annealing at 180 °C. The inset
shows the FFT of the demixed morphology, which occurs between 1 and 2 wt% C60 [52]

Fig. 15 Dielectric loss spectra of neat PS270k, PS-C60 1 and 2% as a function of temperature
showing the relaxation [52]
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which is expected due to the charge transfer complex. Doping raw natural rubber
with 0.065–0.75 wt% fullerene C60 is characterized by a higher elastic modulus at
different tensile strains and a higher hardness [54]. Adding a tiny quantity of 2 wt%
of C60 in an epoxy matrix has led to a significant hardening of polymer–filler bonds
in the system of the carbon fiber–epoxy polymer [55]. The polymer PMMA is
known for its valuable properties such as strength, optical brightness, transparency
and stability to photoaging. Incorporation of even 1 wt% of fullerene has higher
effect in improving its properties than the higher concentration of C60 [56].

From the spectroscopic studies of SAXS and WAXS in Figs. 17 and 18, it was
understood that at low fullerene concentration up to 5 wt%, there is no agglom-
eration; rather a homogeneous dispersion was found in the composite. However, at
10 wt% of C60, some inhomogeneity started appearing that can be understood from
the increased intensity of the primary beam in SAXS result in Fig. 17. Evidence for
similar observation was also found from the appearance of two sharp halos (or
diffuse reflections), which is indicative of the nucleation of a crystalline fullerene
phase. Similar improvement in mechanical properties of low-density polyethylene
(LDPE) was observed with the addition of very small concentration of fullerene

Fig. 16 Selected dielectric
loss spectra obtained via
isothermal frequency sweep
(T 1/4 115 °C (,) and 125 °C
(B)) for PS270k (black) and
PS-C60 4% before (red) and
after (blue) thermal annealing
(175 °C, 60 min) [52]

Fig. 17 SAXS patterns of
PMMA films with various
concentrations of C60

fullerene: (1) 0 (pure
PMMA); (2) 1 and 5% C60;
(3) 10% C60 [56]
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(C60) [57]. Solution-processed polymer: fullerene thin films were developed for use
as photovoltaic cells. The efficiency of the fullerene nanocomposites in photovoltaic
cell is largely determined by the nanoscopic and mesoscopic morphology formed
during solvent evaporation of these blends [58].

Fullerenes are ubiquitous electron acceptor due to its high electron affinity and
its ability for charge transport effectively. Chemical modification of fullerenes can
alter their properties and device performance, which is generally helpful in devel-
oping new electronically active components. Prato reaction is a simple pathway to
modify fullerenes; and various fullerene derivatives were already been synthesized
and characterized for organic transistors and solar cells [57]. Pyrrolidinofullerenes
synthesized with triphenylamine or cyanobenzene via Prato reaction for a photo-
sensitizer in a photoconductive polymer composite was reported [59, 60].

Fullerene/polymer composites are bi-continuous systems effective for solar cell
applications. The low-bandgap polymers discussed are the polymers that can lead to
materials with better absorption solar radiation, while retaining high voltages and
charge carrier mobility [60]. Over the last 12 years since the discovery of the
polymer–fullerene bulk heterojunction (BHJ) solar cells, dramatic improvements in
the fundamental understanding, device construction, and processing of the con-
ducting active layer been achieved by several research groups using blends of poly
(3-hexylthiophene) (P3HT) and the fullerene derivative [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM). The BHJ solar cell made of the MDMO-PPV/PCBM
couple, it was observed that changing the solvent to chlorobenzene led to
improvement in the efficiency by 2.5% [60, 61]. A detailed spectroscopic study
proved that the difference was mainly due to morphological changes. The
micrometer-sized PCBM cluster morphology of toluene-cast films was embedded in
a polymer “skin.” Such arrangement of blend was non-bi-continuous, in which
fullerene photoluminescence is not fully quenched by the polymer. This clearly
indicates the macroscale phase segregation in the system. However,
chlorobenzene-cast films, PCBM clusters with sizes less than 100 nm are observed
in a significantly more homogenous and bicontinuous composite. The above
illustration clearly shows the critical role of choice of solvent for generating

Fig. 18 WAXS patterns of
PMMA films with various
concentrations of C60

fullerene: (1) 0 (pure
PMMA); (2) 1 and 5% C60;
(3) 10% C60 [56]
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homogenous solutions. Inherent miscibility between the two components is another
decisive factor in determining the film morphology that shows composition
dependent behavior [62].

In other words, several work evidences the ability of fullerene nanoparticles to
reinforce polymer matrices, and also improve thermal and electrical conductivity
useful for several applications at the lowest concentration. Also, the fullerenes have
significant influence in improving thermal properties of polymers like thermal
stability, glass transition temperature (Tg), etc.

3.5 Polymer/(Nano) Diamond Composites

Diamond or Nanodiamonds
Diamonds are naturally available toughest allotropes of carbon that also can syn-
thetically be prepared. There are two forms of such synthetically prepared diamond
powders: nanodiamonds and microdiamonds, which can be used as filler in polymer
matrices. Detonation nanodiamonds (DNDs) are synthetically prepared another
form of low-cost nanodiamonds that are mostly used in the preparation of thermally
conductive polymer composites [63]. Microdiamonds prepared by the application
of high pressure and temperature are also capable of improving the thermal con-
ductivity of its polymer nanocomposites [64, 65]. Hence, the use of nano and
microdiamonds into polymer matrices has attained a massive interest in the recent
times to improve thermal conductivity. The inclusion of diamond powders at high
volume percentage into epoxy resins, polyethylene (PE) and polypropylene
(PP) leads to significant improvement in the thermal conductivity of the resulting
composites [66–68]. All these mentioned composites are prepared by conventional
solvent casting technique, which is of much time-consuming, tedious, and are not
amenable for fabrication of structures with complex geometry. However, the 3D
printing is another frequently used technique to fabricate intricate geometrical
structures that would be essential for applications for rapid prototyping and
microelectronics.

Polymer/Diamond or Nanodiamond Composites
Diamond is another important allotrope of carbon that is one of the most inert forms
in the Earth available. Its importance also comes into focus with the virtue of being
in the list of the strongest material with superior hardness and wear resistance [69].
Due to its high inert nature, it is very difficult to carry out chemical modification of
diamonds under common conditions. Hence, unlike other carbon-based fillers,
diamonds need vigorous conditions to functionalize. Nevertheless, several research
groups in the past were capable of successfully functionalizing diamond surfaces
through rigorous oxidation, bromination, fluorination, UV irradiation, and Diels–
Alder reaction [70–74]. Transfer of the advanced properties of diamond to light-
weight polymer matrices lies on the efficacy of the polymer–filler adhesion in the
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composites. The initial work on polymer/diamond nanocomposites was pioneered
by Dolmatov, where substantial improvement in tensile strength and modulus
values of elastomers was reported [75]. Recently, Zhang et al. and Shenderova et al.
in 2007 reported to have developed nanocomposites of poly(amic acid) (PAA)/
nanodiamond and polyimide/nanodiamond with improved thermal stability and
mechanical properties [76, 77]. Commercially, nanodiamonds can be developed by
high temperature and high-pressure detonation followed by oxidation process that
leads to attachment of carboxylic (–COOH) functional groups onto its surface.
Refluxing these nanodiamonds with thionyl chloride leads to the formation of acyl
chloride functional group onto its surface, which helps improving polymer–filler
interfacial interaction.

The functionalization of nanodiamonds with acyl chloride can be affirmed by
EDAX analysis as referred to the Cl Ka peak observed at 2.65 keV as shown in
Fig. 19a and the FTIR analysis in Fig. 19b. A better state of dispersion of acyl
functionalized nanodiamond was observed in the polyimide matrix over the
non-functionalized nanodiamonds. The inclusion of functionalized nanodiamonds
even at loading of 1 wt% to polyimide polymer matrix results in tremendous incre-
ment in the mechanical properties like hardness that was found to bemuch less in case
of non-functionalized nanodiamonds. These results infer that functionalization of

Fig. 19 a EDAX of acyl
chloride functionalized
nanodiamonds and b FTIR
spectra of acyl chloride
functionalized nanodiamonds
and untreated nanodiamonds
[78]
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nanodiamonds with acyl chloride is effective enough to improve polymer/filler
interfacial interaction in polyimide matrix [78]. Similarly, the inclusion of nanodia-
monds in 2 wt% of loading along with onion-like carbon (OLC) are reported to be
quite effective in improving the thermal conductivity of polydimethylsiloxane
(PDMS) up to 15% and loss tangent of both PDMS and polyurethane composites.
Further, the thermal conductivity, thermal stability and adhesion with polyimide and
poly(methyl methacrylate) (PMMA) composites was found to be improved on
incorporation of nanodiamonds into these polymer matrices [77]. Recently, Kalsoom
et al. have developed thermally conducting 3D printed prototype of diamond
microparticle/acrylate polymer composites with a variation offiller loading in 10, 20,
25 and 30% (w/v) using a low-cost stereolithographic 3D printer [79]. A significant
improvement in heat transfer of nanocomposites with 30% (w/v) diamond
microparticles was observed, which is mainly be attributed to the interconnected
diamond aggregates networks at higher loading of diamond microparticles.

This can clearly be observed in the scanning electron microscope (SEM) images
in Fig. 20 of all the composites with different diamond microparticle loadings [79].
In Fig. 20, low loading of diamond microparticles are well separated from each
other (Fig. 20a–c). On the other hand, at higher loading of filler, the number of
contact points between diamond microparticles that are interconnected with each
other are much higher in numbers (Fig. 20d–f). Such highly connected network of
diamond microparticles leads to substantial improvement in the heat transfer effi-
ciency of the composite with 30% w/v of the diamond microparticles.

3.6 Polymer/Graphite or Graphene Composites

Graphite or Graphene
Graphene, the most versatile two-dimensional allotrope of carbon has a single layer
of carbon atoms that are arranged in a honeycomb lattice. Graphene is mentioned as
the mother of different carbon allotropes like the 0D fullerene, the 1D carbon
nanotube, and the 3D graphite and carbon blacks, etc. Though graphene has been
known to the world much back from the time of 1947, but for the first time, Geim
and Novoselov have demonstrated for successful isolation of graphene from gra-
phite [80]. Later, this discovery has led them to win the 2010 Nobel Prize in the
field of Physics. Graphene is mostly regarded as the “thinnest material in the
universe” that has enormous potential in several applications. Due to some of its
inherent remarkable properties like high aspect ratio, high surface area, high
mechanical property, excellent electrical and thermal conductivity, electromagnetic
interference (EMI) shielding ability, excellent flexibility and transparency, and low
coefficient of thermal expansion (CTE), it has generated high potential in the field
of polymer nanocomposites. As a nanofiller, graphene has proven to be the pre-
ferred choice over several other conventional white and black fillers like mont-
morillonites (MMTs), layered double hydroxide (LDH), carbon nanotubes (CNTs),
carbon nanofiber (CNF), etc. [81, 82].
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Graphene, as a nanofiller, may be preferred over other conventional nanofillers
(Na-MMT, LDH, CNT, CNF, EG, etc.) owing to high surface area, aspect ratio,
tensile strength (TS), thermal conductivity and electrical conductivity, EMI
shielding ability, flexibility, transparency, and low CTE. Table 1 shows various
properties of graphene and different types of polymers (plastics and rubbers), which
can provide a clearer picture about their properties.

Fig. 20 SEM images of a Acrylate polymer. b Acrylate polymer diamond-10% (w/v). c Acrylate
polymer diamond-20%. d Acrylate polymer diamond-25%. and e–f Acrylate polymer
diamond-30% composite materials [79]
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From Table 1, it can be well understood that graphene possesses much higher
mechanical, thermal and electrical properties over the rest of the counterparts
mentioned in the table. Subsequently, the superior property of graphene also gets
reflected in its polymer nanocomposites. Hence, graphene/polymer nanocomposites
show superior mechanical, thermal, and electrical properties as compared to neat
polymer [83–85]. Moreover, it is also observed that graphene/polymer nanocom-
posites show higher improvement in mechanical, thermal and electrical properties
over other nanofiller like clay, CNT, carbon black, and CNF-based polymer
nanocomposites [86]. In this case, it is very much important to consider two
important factors that can dictate the behavior of final nanocomposites. First, the
degree of dispersion of the graphene nanosheets in the polymer matrix, and second,
the polymer–filler interfacial interaction between the graphene nanosheets and the
polymer matrix. While, uniform dispersion of graphene nanosheet in polymer
matrix increases the mechanical as well as thermal and electrical properties; a good
interfacial bonding between the graphene nanosheet and the host polymer finalizes
the optimal property of the graphene reinforced polymer nanocomposites [87].
A defect-free graphene nanosheet has much lesser compatibility with organic
polymeric matrices, which is the main reason behind less number of reported
defect-free graphene/polymer nanocomposites in the literature. However, heavy
oxidation of the graphene nanosheets can lead to the formation of large number of
defects that bears large number of hydroxyl, ketone, alcohol, epoxide and carboxyl
functional groups. Such oxygenated graphenes are commonly known as graphene
oxides (GOs), which can significantly alter the intermolecular interaction with
hydrophilic polymer matrix, and result in more compatibility with it [88]. However,
most of the polymers being hydrophobic are incompatible with GO. In that case,
such GO are organically modified by covalent grafting technique. However, the
surface modification of graphene with different organic molecules is most trending
because of its effective adherence and interaction with hydrophobic polymers, while
maintaining defect-free structure. In that case, the surface modified graphene
nanosheets retain its excellent thermal and electrical conductivity that is very
specific to certain applications.

Table 1 Mechanical, thermal, and electrical properties of various materials along with graphene

Materials Tensile
strength

Thermal conductivity at
room temperature (W/
mk)

Electrical
conductivity
(S/m)

References

Graphene 130 ± 10 GPa (4.84 ± 0.44) � 103

to (5.30 ± 0.48) � 103
7200 [89, 104,

105]

High-density
polyethylene
(HDPE)

18–20 MPa 0.46–0.52 Insulator [106, 107]

Kevlar® 3620 MPa 0.04 Insulator [108]

Natural rubber
(NR)

20–30 MPa 0.13–0.142 Insulator [109]
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Graphite or Graphene Composites
In the recent years, the development of effective nano level dispersion of graphene
nanofillers have opened up an interesting facet in the field of material science.
Graphite in different forms like, expanded graphite, exfoliated graphite, etc., are
incorporated in various polymer matrices with the purpose of improving various
physico-mechanical properties of the composites. It is well known to the whole
scientific community that converting graphite into defect-free graphene is a tedious
job to accomplish. This is the reason why more and more researchers are coming up
to develop new ideas of inculcating the costly graphene nanosheets into polymers
matrices in a more uniform manner along with high degree of interaction with the
matrix. In this section of the chapter, the author will provide detailed up-to-date
discussion on the recent advances in graphene/polymer nanocomposites, which by
default also includes information on graphite/polymer nanocomposites as well.

Incorporation of modified graphite-like expanded graphite (ExG) or exfoliated
graphite (EG) into polymer matrices many times improves the degree of dispersion
of the graphene nanosheets within the polymer matrix. Graphene/polymer
nanocomposites can be prepared by in situ polymerization of monomers into
polymers. In such process, the monomers are first allowed to get inside the inter-
spacing gallery between two consecutive graphene nanosheets, which is followed
by its polymerization. The polymerization leads to separation of the nanosheets
apart from each other, thereby results in the formation of graphene-based polymer
nanocomposites. Some of the examples of such nanocomposites are poly(vinyl
alcohol) (PVA), poly(methyl methacrylate) (PMMA), epoxy resin, silicon foam,
and polyurethane (PU) nanocomposites [84, 89–93]. It is important to mention that
all the cases, the polymerization was carried out in solvent state due to the high
viscosity of the graphenes. Furthermore, the graphene-based polymer nanocom-
posites were also been fabricated by grafting the graphenes nanosheets onto the
reactive functional groups of the base polymer matrix. In that case, there must be
some reactivity between the functional group of graphene sheets and the functional
group of polymers. Examples of such polymer nanocomposites are PVA and PU
nanocomposites [94, 95].

Another effective method of preparation of polymer/graphene nanocomposites is
melt and solution mixing technique of thermally reduced graphene (TRG) with the
polymer matrix, out of which the melt technique is commercially most viable. The
only difficulty in this technique is the poor thermal stability of chemically modified
TRG, which limits its popularity in the research. Raghu et al. in the year of 2008
[96] reported preparation of nanocomposites with finely dispersed functionalized
graphene sheets (FGSs) in waterborne PU (WPU) matrix by emulsion polymer-
ization technique. Here, they have prepared the FGS by following Staudenmaier
method [97]. The visible wrinkled structures of individual graphene nanosheets
within the polymer matrix in the TEM images (Fig. 21) of the WPU/FGS
nanocomposites indicate good state of dispersion of these graphene nanosheets. By
following a similar procedure, Nguyen et al. in the same year reported to have
prepared polycaprolactone (PCL) diol-based thermoplastic polyurethane/FGS
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nanocomposites by solution polymerization technique in methyl ethyl ketone
(MEK) under inert atmospheric condition [98].

The wide-angle XRD patterns of the prepared nanocomposites with varying FGS
concentration are shown in (Fig. 22). Two peaks found at 2h = 21.1° and 23.3° are
due to the (110) and (200) plane of the PCL crystals, while the absence of any peak
in the region above 2° is the clear indication of excellent dispersion of the graphene
nanosheets within the polymer matrix. In this regards, it is essential to mention that
neat graphite normally shows a diffraction peak for the (002) plan in the region of
26° that corresponds to ordered arrangement of the graphene nanosheets at a par-
ticular interlayer spacing [99]. This result of morphology study of the

Fig. 21 TEM micrographs of waterborne polyurethane/functionalized graphene sheets (FGSs)
nanocomposites with 3 wt% of FGS per 100 parts of the polymer [96]

Fig. 22 XRD patterns of
thermoplastic polyurethane
TPU/FGS nanocomposites
with varying FGS
concentration (FGS
concentration of 0, 3, 5, and
7 wt% in TPUN-0, TPUN-3,
TPUN-5, TPUN-7,
respectively) [98]
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nanocomposites with wide-angle XRD is further supported by TEM images of the
nanocomposites in Fig. 23.

Here also, nano-sized wrinkled, hair-like structures of FGSs visible in the TPU
polymer matrix refers to fine and even dispersion of separate and individual gra-
phene nanosheets. This is the indication of good polymer–filler compatibility in the
prepared nanocomposites, which is also evident from the evaluation of thermal and
mechanical properties of the nanocomposites. It is obvious that such morphology of
the FGSs within polymer matrices clearly refers to the reinforcing activity of the
nanofillers with the matrix, which can be understood from the increased ultimate
tensile property and modulus values of the nanocomposites [84]. Hu et al. have
reported the preparation of graphene nanosheets–polystyrene nanocomposites via
emulsion polymerization technique, where they had reduced the graphene oxides
into graphene using a strong reducing agent hydrazine [100]. Figure 24a shows the
Raman spectra and Fig. 24b shows the FTIR spectra of pure graphene nanosheets
and its PS nanocomposites. Two intense peaks of graphene nanosheets in Fig. 24a
corresponds to the D and G band in the region of 1331 and 1591 cm−1, respec-
tively, and the ratio of the intensities of these peaks, i.e., I(D)/I(G) for the
nanocomposites was found to be of 1.156. This refers to the presence of some
localized sp3 defects in the sp2 structure of graphene that could cause chemical
grafting of the PS chains onto the surface of graphene. Thus, creating defects can
help improving grafting of polymer chains onto the graphene nanosheets at the cost
of reduced electrical, thermal, and barrier properties.

Furthermore, the thermal degradation stability of the prepared FGS-based
nanocomposites was also improved by manifold, which can be attributed to the
barrier effect of the sheet-like graphene and high its thermal stability up to 700 °C.
Besides, the well-dispersed morphology of individual graphene nanosheets is
capable of enhancing the electrical conductivity of the polymer matrix through
developing a proper channel for electrical conduction. Uniform dispersion of gra-
phene nanosheets within the polymer matrices generally provide a percolated route

Fig. 23 TEM images of thermoplastic polyurethane (TPU)/functionalized graphene sheets (FGSs)
nanocomposites with 4 wt% of FGS concentration (TPUN-4) [98]
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for the transfer of electrons and thereby making the nanocomposites electrically and
thermally conductive. Furthermore, an aligned direction of the sheets can provide
the electrical percolation threshold at lower concentration. Another extraordinary
advantage of graphene nanocomposites over other carbon-based nanocomposites is
its barrier characteristics towards oxygen and other gases including moisture. It is
generally observed that low nanofiller concentration results in better dispersion with
minimum aggregation, which helps in improving other physical and chemical
properties of the nanocomposites. Hence, the morphology of the resulting polymer
nanocomposites can dictate nanocomposites properties to a greater extent. The high
barrier property of defect-free graphene nanosheets can alter the barrier properties
of polymers through its incorporation in a much careful manner without harming
the integrity structure of each graphene nanosheets. Thus, the polymers acting as a
host material for the graphene sheets is possible to develop large-scale barrier
membranes. It is also found that graphene/polymer nanocomposites show better
barrier properties over other graphitic structure-based carbon filler/polymer
nanocomposites, which is attributed to its sheet-like structure [101–103].

Fig. 24 a Raman spectra and
b FTIR spectra of graphene
nanosheets and its
polystyrene-based
nanocomposite [100]
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4 Conclusion

There are several applications in the engineering field where carbon fillers play
important role in improving the application specific properties of its polymer
composites. The morphological differences in various carbon fillers affect the
properties of resultant polymer composites. While carbon black is capable of
forming mechanical interlocking with elastomer chains along with chemical
interaction through the dangling organic functional groups, some other carbon
fillers like carbon nanotube (CNT), carbon nanofiber (CNF), graphene nanosheets,
etc., need modification either through chemical treatment like acid/base or organic
treatment or through physical impulse-like plasma treatment. Such modification of
carbon fillers is necessary to improve polymer–filler interfacial interaction in
polymer composites. Introduction of active functional groups into carbon filler not
only modifies the morphology of polymer composites but also enhances overall
physico-mechanical properties of respective composites. Thus, both morphological
and spectroscopic study is an integral part of study in polymer/carbon filler
composites.
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Electromagnetic Interference
(EMI) Shielding Effectiveness
(SE) of Polymer-Carbon Composites

Ranvijai Ram, Mostafizur Rahaman and Dipak Khastgir

Abstract In this chapter, the electromagnetic interference shielding effectiveness
(EMISE) of carbon based polymer composites is discussed in details. The basic
principle of EMI, EMI shielding, and its theory are mentioned herein. The basic
requirement of EMI SE of a material is its electrical conductivity. It has been
mentioned that electrical conductivity of 0.5 S/cm is required to produce at least
30 dB attenuation. As non-conducting materials exhibit negligible EMI SE, hence
EMI SE of polymer-carbon composites based on only conducting carbons like
carbon black, carbon fiber, carbon nanotubes, and graphene are reported within this
chapter. EMI SE depends on many factors like nature of filler, filler concentration,
nature of polymer, filler geometry, polymer blending, sample thickness, frequency
of radiation, etc. These governing factors of EMI SE are discussed is details at the
end of this chapter.
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1 Introduction

The modern age is considered to be electronic age. There are numerous sources of
generation of electromagnetic radiation. The radio frequency range (0.3–
1000 MHz) are used for communication signals like television, radio, and cellular
telephones. The generation of the electromagnetic field by operation of television,
radio, and cellular telephones may interfere the operation of other electronic devices
which is known as EMI. The connectivity problems of mobile phones, data cor-
ruption of computer hard drives, and interrupted television signals are caused by
EMI. The EMI has also some biological harmful effect. For example, overexposure
to EMI radiation may cause Leukemia in the human body [1]. EM radiation may
also interfere the function or operation of artificial biological devices like
Pacemaker [2].

Conventional plastics are electrically insulating and transparent to EM radiation.
Electrical conductivity plays a major role to prevent EMI radiations [1–4]. Hence, it
is very interesting to develop flexible polymer compounds which are electrically
conductive [4, 5]. Some electrically conductive fillers like carbon black, carbon
fibers, carbon nanotube, graphene, and metal fibers are used to develop
polymer-based EMI shielding materials [6–9]. Appropriate doping of insulation
polymer is also another method to produce transparent moldable EMI shielding
materials.

The composition of molded compounds is different to that of coated compounds.
Coating of a material needs lesser amount of conducting fillers than molded one.
The higher amount of conducting filler leads to increase the cost of conducting
molded compounds [10, 11]. The amount of conducting fillers can be reduced by
using higher aspect ratio of filler. The aspect ratio of filler is defined as the ratio of
length to diameter. The geometry of conducting filler is another factor governing
the conductivity of composite [8]. High-structure carbon fillers has low percolation
threshold than low structure filler which leads to reduction of cost of the final
product [8, 10, 11]. Actually, high structure carbon fillers form the continuous
conducting network at lower concentration. Hence, high EMI shielding can be
achieved by using high structure and large aspect ratio carbon fillers at low
concentration.

2 EMI

EMI is defined as radiated or conducted electromagnetic signals emitted by elec-
trical circuits during operation cause damage to biological or living species or
disturb proper operation of electrical equipment [12]. EMI is an environmental
pollutant. With the national emphasis today on the elimination or reduction of
environmental pollution, most people readily recognize and understand water, air,
noise and other forms of pollution. Most people probably have not heard or know
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much about spectrum pollution. It cannot be directly seen, tasted, smelled, or felt.
Therefore, how can it be a problem?

It is readily known that certain types of electronic devices will jam household
radios. The resulting buzzing or crackling noise results in the inability to listen to
the radio while the device is in use. Conducted or radiated electrical noise jams
radios picking up broadcast signals or cellular phones trying to make calls.
Spectrum (EMI) pollution is very harmful for the patient using pacemaker. The
improper operation of instrument like pacemaker can cause of death. Another
example is an unsuppressed automobile idling outside of a house causing inter-
ference to the television picture in the house by blotching, developing intermittent
dash lines or even total loss of the picture. Electrical noises from radiated auto-
mobile ignition systems cause these problems.

Interference caused by high electricity or noise background can adversely affect
or cross the communication lines. This results adverse effect on electronic trans-
action in the business community. The EMI/Radio frequency interference (RFI) can
be a serious threat in modern age of information technology.

The spectrum pollution problem can affect human life and the global economy
[13, 14]. Thus, high EMI/RFI is causing spectrum pollution and it is a national
concern. Because of that, the government and some industries have certain regu-
lations and specifications on electromechanical, electrical, electrochemical, and
electronic equipment. However, enforcing these regulations is difficult. Many
commercial goods may have to meet a regulation when they are purchased, but
many consumers modify these devices to their own needs or desires.

Like air, water and another form of pollution, EMI is also a kind of environ-
mental pollution. EMI pollution may also be called as spectrum pollution. Certain
types of electronic devices (like a mobile phone) jam the household radio resulting
cracking or buzzing noise of radio when the devices are in use. Similarly, the
unsuppressed sound of an automobile causes interference to picture of the television
by rising intermittent dash, blotching, or even total loss of picture. EMI is not good
during medical treatment in which patient is using sensitive devices like a pace-
maker. During the electronic transaction, EMI or RFI (Radio Frequency
Interference) can cause serious threat [15–17].

3 EMI Shielding

Prevention of the propagation of magnetic or electric waves (radiation) from one
region to another by means of magnetic or conducting materials is called EMI
shielding. The capacity of prevention of EMI of material is called as EMI SE [12].
The better EMI SE can be achieved by minimizing the radiation passing through the
material by absorption, reflection, or dissipation of radiation inside the material.
EMI SE of metal’s sheet is caused by reflection but for extrinsically or intrinsically
polymer composites, the EMI SE is caused by reflection, absorption, and dissipa-
tion of electromagnetic radiations.
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The designing and packaging of electronic materials free from electromagnetic
radiation (EMI shielding) is a critical issue. Previously, many designers took the
attitude of the device first and figure how to prepare it compliant later. But
nowadays it is non-viable strategy. In the present market, the pressure is rising to
prepare EMI shielding device in a shorter period and product life will be longer
[18]. Now strategy of manufacturers has been changed, they do not afford the added
cost, design complexity of over shielding, weight. They also don’t want to tolerate
the system quality failure that causes under shielding. Now manufacturers are also
started to realize the importance of flexible design geometry, low cost to manu-
facture, and parts integration of EMI shielding material over electron equipment
[18].

Plastics are the good choice because of transparency and flexibility of their thin
films. But they are also transparent to electromagnetic radiation interferences. This
problem of poor EMI shielding behavior of plastics can be resolved by incorpo-
rating conducting fillers in their matrices in the desired quantity. Traditional
shielding methods are conductive plating, painting, and applying metal liners
provides sufficient EMI SE. The higher microprocessor frequency, higher currents,
and lower voltages create new problem [18].

The EMI SE caused by the metallic sheet is called a Faraday cage effect. Metal
sheet has poor mechanical flexibility because of high weight density, high stiffness,
limited tuning of the SE, and propensity to corrosion [2]. The polymeric EMI
shielding materials have the advantage over metallic one because of their low cost,
lightness, easy shaping, etc. There is three main scheme has been developed to
process EM radiation absorbing polymer-based composites. The 1st one is a dis-
persion of fibers, metallic fillers, and nanoparticles in the polymer matrix to increase
the interaction with EM radiation [12, 19–23]. Carbon Nanotube–Polystyrene
Foam, [23]. The 2nd scheme is blending of conventional polymers with conducting
polymers to adequate mechanical properties and interaction with EM radiation [23].
Polyaniline and Polypyrrole are the examples of blending of intrinsically con-
ducting (2nd scheme) polymers [12, 24–30]. The EMI SE of composites rises with
increasing electrical conductivity which is subjected to addition of conducting filler
in the polymer matrix. The 3rd scheme is a dispersion of conducting carbon fillers
in the insulating polymer matrix. This type of conducting composites are called
extrinsically conducting composites. Conducting carbon fillers are carbon fiber,
carbon nanotube, conducting carbon black, graphene, etc. [31–34].

It is observed that electrical conductivity increases rapidly before percolation
threshold whereas there is a sudden improvement in electrical conductivity at
percolation threshold and after percolation threshold increment in electrical con-
ductivity is marginal [35–37]. EMI SE exhibits different path to that of conduction
mechanism path. It is reverse to conducting mechanism, i.e., EMI SE increases
gradually before percolation whereas it increases rapidly after percolation threshold
[30, 38]. For good EMI SE extrinsic composite material, it is necessary that all
sieves of insulating polymer (transparent to EMI SE) to be filled by conducting
fillers so that no EM radiation can pass through the EMI SE material (polymer/filler
conducting composite) [24, 39–41].

342 R. Ram et al.



4 EMI SE Theory

The ratio of transmitted power to incident power is known as EMI SE [42]. The
total EMI shielding is due to reflection of electromagnetic radiation, multiple
reflections of electromagnetic radiation, and absorption electromagnetic radiation.
Mathematically total EMI SE (SETotal) can be represented as follows [1, 42–46].

SETotal ¼ 10 log
Pi

P0
¼ SEA þ SER þ SEM; ð1Þ

where Pi is the power of transmitted electromagnetic radiation, P0 is the power of
incident electromagnetic radiation, SEA is EMI SE due to absorption, SER is
EMI SE due to reflection, and SEM is EMI SE due to multiple internal reflections of
electromagnetic radiation. The pictorial representation of EMI SE is shown in
Fig. 1.

The skin depth (d) of conducting material is defined as a distance within the
material in which the intensity (I) of the electromagnetic (EM) wave decreases to 1/
e of its original strength (I0) [42, 47]. Mathematically it can be expressed as;

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2

lrxrs

s
; ð2Þ

where rs; rs ¼ xe0e00ð Þ is frequency-dependent electrical conductivity,
x; x ¼ 2pfð Þ is angular frequency [48]. EMI shielding due to absorption (SEA) can
be expressed as follows:

SEA ¼ �RL, ð3Þ

Fig. 1 Schematic
representation of EMI
shielding
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where RL is reflection loss and can be expressed as

RLðdBÞ ¼ 20 log
Zin � Z0
Zin þ Z0

����
����; ð4Þ

where Zin is the input impedance on the interface, it can be expressed as follows
[49].

Zin ¼ Z0

ffiffiffiffiffi
lr
er

r
tan h j

2pfD
c

ffiffiffiffiffiffiffiffi
erlr

p� �
; ð5Þ

where lr is complex permeability ðlr ¼ l0 � jl00Þ, Z0 is the impedance (free space),
c is the velocity of light, er is complex permittivity ðer ¼ e0 � je00Þ, and D is the
thickness of the material. For electrically thick sample (D > d), the EMI shielding
due to reflection can be expressed as follows [42, 49].

SERðdBÞ ¼ 10 log
rs

16xl0e0

� �
ð6Þ

When total EMI SE (SETotal) is greater or equal to 10, then EMI SE due to
multiple internal reflections of EM radiation ðSEMÞ can be neglected [50].

5 Requirements for Shielding

The EMI shielding materials have high demand in recent years. It is used in military
and other commercial purposes. EMI shielding materials are also used in highly
sensitive electronic devices for communication and for packaging purposes. It is also
the very interesting topic of research at the present time [51, 52]. Now a day it is the
demand of customers to build lighter, faster, and cost-effective vehicles (space crafts,
aircraft, etc.) which have forced engineers to integrate discrete avionics boxes into a
firm electronic device [53]. Therefore, there is a requirement of preparing EMI
shielding material with lightweight, somewhat transparent, low cost, and durable for
protecting electromagnetic equipment that is vulnerable to EMI phenomenon.

In past, EMI shielding materials are made up of metals but, now a day con-
ducting polymer composites are used because of low cost, low weight, restlessness,
easier handling, easy processing, and moldable shape. Generally, carbon fillers like
carbon fibers, graphene, carbon nanoparticles, carbon blacks, etc. are used as
conducting filler in extrinsically prepared polymer composites used for EMI
shielding material [54]. The composite materials have lower conductivity than
metal but it is sufficient for the requirement of EMI shielding application. There are
many desired shape of enclosures (Fig. 2) [55] made up of EMI shielding materials
are used for protecting electronic equipment. Previously, these enclosures are made
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up of metals in rectangular parallelepiped shape (Fig. 2) but now conducting
polymer composites are used in various shapes.

The typical shielding enclosure (Fig. 2) is required for cable passages. The
apertures are necessary for the cable passages, air vent for heat dissipation and other
components [51, 55]. There are many parameters are taken under consideration
during designing an EMI shielding apparatus like materials thickness, size, and
geometry, number and position of aperture, the requirement of EMI shielding to
inner equipment, and other physical properties of cashing material like solvent
resistant, heat resistant, flame and fire resistant, etc.

Electrical conductivity of a material is the basic requirement for EMI SE. Some
other factors includes applied electric field, packaging, and thickness of materials.
The EMI SE refers to protection from direct charge, electrostatic field, and static
charges. According to Bigg a material must possess a volume conductivity of 0.5 S/
cm or more to produce at least 30 dB attenuation [56] which prevents 99.9% of an
converging signal. It is observed that 20–30 dB of attenuation is sufficient for
consumer and most industrial applications. The relation between EMI SE (dB) and
attenuation (%) is presented in Table 1. Bigg [56] states that electrical conductivity
at percolation threshold (transition from insulator to conductor), there is continuous
conducting network is formed in the insulating polymer matrix. Electrical con-
ductivity beyond percolation threshold leads to marginal increment of electrical
conductivity but improves EMI SE remarkably. Actually, bigger conducting par-
ticles achieves percolation at very low concentration and exhibits good EMI SE.
[56].

Fig. 2 Schematic representation of a typical shielding enclosure. Reproduced from [53]

Table 1 EMI SE and % attenuation

EMI SE (dB) 20 30 40 50 60 70

Attenuation (%) 99 99.9 99.99 99.999 99.9999 99.99999

Reproduced from [56]
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6 Compounding Considerations for Shielding

There are many factors governing EMI SE like polymer matrix, filler (concentra-
tion, conductivity, and aspect ratio), and processing. Compounding of elastomer
undergo through mixing. During mixing there are various parameters responsible
for compounded product like:

(i) Viscosity
(ii) Molecular weight distribution (MWD)
(iii) Plasticity
(iv) Filler
(v) Duration of mixing
(vi) Plasticizer and
(vii) Incorporation.

Mixing of elastomers requires various instruments viz. mills, internal mixers,
and extruders. The compounded elastomers are characterize by measuring plastic
stress, viscous stress, die swell, and dynamic shear stress.

The electrical conductivity of compounded elastomer governs the EMI SE of
composite. Electrical conductivity is affected by viscosity of polymer matrix [57].
EMI SE of composite rises with increasing conductivity. Hence, EMI SE of
composite is highly influenced by compounding.

The effect of filler type and its concentration on EMI SE has been shown in
Fig. 3. The physical bonding (interaction) between polymer and PAN carbon fibers
better than nickel-coated carbon fibers and stainless steel where EMI SE of
polymer/stainless steel fibers is highest among PAN carbon fibers and nickel-coated
carbon fibers. The reason is stainless steel is highly conducting material. Stainless
steel based polymer composites have high abrasion resistance. Carbon-fiber-based
composites suffers reduction in aspect ratio during processing which causes
reduction in electrical conductivity as well as EMI SE.

Fig. 3 Shielding
effectiveness (dB) versus
volume % of filler.
Reproduced from [57]
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Carbon fibers offer the best mechanical reinforcement while having a moderate
conductivity. Nickel-coated graphite fibers offer the most conductivity and potential
for shielding but lack easy processing. Stainless steel fibers are efficient in pro-
ducing adequate conductivity. Loading levels of stainless steel from 5 to 7% wt are
currently being used in industry.

Stainless steel offers minimal mold shrinkage, but difficult processing. Carbon
fibers were chosen for this project because of easy processing. Using metal-filled
surface coatings is still prevalent in large volume shielding applications. Cathode
ray tubes (CRT), keyboards, computer housings, and cellular phone casings are
industries that were once dominated by metal enclosures. Thermoplastics are
overtaking metals in these applications and also creating new markets.

Polymer-based conductive composites are cost-effective, light in weight, ease in
molding, and resistant to corrosion and chemicals. The products of plastic based
composites are prepared by injection molding process. These products are widely
used and replace the use of metal-based products which are heavy, costly, prone to
corrosion, and highly reactive in polar solvents.

Both near field and far field EMI shielding are important to enhance the effi-
ciency as well as the lifetime of electrical equipment and devices. Near field EMI
shielding is defined as the product of wavenumber (k) and the distance between EM
radiation sources to the detector (r) is less than 1, i.e., (kr < 1) where as far field is
kr > 1. Actually, polymers are synthesized easily and are flexible in spite of that
mass production of polymers is easy and cost-effective than metal. The performance
of polymer-based conducting composites is better than metal for EMI shielding
application [58–60].

Metals like aluminum, which are mostly used for EMI/EMC applications till
date, enjoy the inherent advantage of possessing very high electrical conductivity
(r � 107 S/m) and hence possess intrinsic Electromagnetic (EM) shielding capa-
bilities. However, polymer composites in general, are very poor conductors of
electricity (r � 10−14 S/m). Thus, for them to be capable of shielding EM wave,
one must devise innovative means of tailoring them to meet the required level of
electrical conductivity. In fact, if we place the entire gamut of materials in the
resistivity scale, we will have the family of polymers in one end (q � 1014 to
1018 X m) and the metals in the other (q � 10−7 to 10−5 X m). The EMI shielding
materials come somewhere in between (q � 100 to 104 X m). Hence, the basic idea
of designing such a composite is to select two or more materials from this scale
such that the combination, on a whole, attains a resistivity in the desired range.

By the addition of certain conductive fillers in critical quantity (depending upon
the percolation threshold of the particular filler in the selected matrix), the con-
ductivity of these composites had been reportedly increased to the order of 101 X/
m. Similar technologies are extensively used in consumer electronics like cellular
phone covers, telecom equipment, microwave ovens, etc. where the operating
frequency band is narrow and the desired level of shielding efficiency (SE, mea-
sured in dB) is relatively nominal. But, for critical applications in defense and
aerospace sectors where a high SE is recommended over a wide band of frequency,
the criticalities of the material design is much more demanding.
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Lightweight conductive composites that have been developed and studied use
highly conductive graphite (r � 105 X/m), bromine intercalated graphite (r
106 X/m) fibers, nickel-coated graphite (NCG), carbon fibers, carbon nanotubes
(CNT) and other special reinforcements/fillers [61–64] Once the desired electrical
conductivity is attained, one can get significant SE from them as well [58, 65–67].
The EMI SE of a polymer-filler composite depends on the electrical conductivity,
permittivity, permeability, impedance, and aspect ratio of fillers [6, 39]. The CNT is
excellent EMI shielding material because of its high aspect ratio, mechanical
strength, and electrical conductivity.

Plastics are an integral part of the electronics/electrical industry. They are used in
packaging, handling, and interconnections. Their increased growth in this industry
is proof of their acceptance as a material of preference for design engineers. The
inherent property of electrical insulation is a great asset. However, EMI/RFI pro-
tection and electrostatic discharge (ESD) protection are also important uses.

Therefore, this creates a need for electrically conductive composites. The most
widely accepted solution which allows plastics to meet the necessary requirements
for EMI/RFI shielding and ESD is to apply a conductive metal coating through a
secondary post-molding operation. Conductive metal coatings have proven well in
shielding tests, but they have flaws that only plastics can solve.

Zinc spray, nickel paint, and electroless nickel painting all provide excellent
protection for shielding. The disadvantages of conductive coatings are centered on
secondary handling and long-term adhesion. The latter is often cause for concern in
terms of reliability. In small intricate parts, the application costs can be extremely
high. If the part is very complex, the application can be very difficult. Any addi-
tional handling caused by secondary molding or handling adds in extra costs [57].
By having to coat a surface with many layers of shielded conductive resins becomes
very expensive and adds more operations to the manufacturing process.

One advantage of highly conductive plastics as an EMI shield is the elimination
of expensive and time-consuming secondary coatings, which were necessary at one
time [57]. A new way of thinking is to incorporate conductive constituents or fillers
into the plastic matrix through means of compounding (i.e., extrusion and molding).

Conductive composites are easily injection molded into parts and conductive
coatings are not needed. Only normal assembly is required. The smaller and more
complex the part is, the more favorable the economics for conductive resins. Parts
weighing as little as a gram have been EMI-shielded with conductive composites.
Conductive composites have a few disadvantages. In some applications, a concern
with conductive resins can be the raw material cost and appearance. This can
prevent their use in large electronic plastic enclosures such as cathode ray tube
housing [3, 57]. A goal of this project is to manufacture a cost-effective conductive
resin.

The growth of the electronics industry has led to EMI which is causing envi-
ronmental electronic pollution. In general, elastomers and plastics are electrically
insulating and transparent to electromagnetic radiation; i.e., their EMI SE is zero.
However, both conductivity and EMI SE is enhanced by using electrically con-
ductive fillers like carbon black, graphite fibers, metal fibers, and metal particulates
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[68]. The EMI SE of exfoliated polyester/graphite composites has been studied
[69]. Recently, the EMI SE of carbon fiber-reinforced cement has been reported
[70]. The polyethylene/carbon-fiber and polyethylene/metal-fiber composites
exhibit poor EMI SE [71]. Abdelazeez and co-workers have recently observed that
polypropylene/metal-fiber and polypropylene/aluminum-coated glass-fiber com-
posites are not effective for EMI shielding purposes [71, 72].

Electromagnetic EM compatibility of conductive plastics and rubber gaskets
having volume conductivity 102 to 103 S/m enables an application for EMI
shielding and hermetic sealing simultaneously. These types of materials are made
by using silicon rubber filled with tiny silver balls or silvered brass balls [71, 73,
74]. Recently, it has been investigated that short carbon fiber (SCF) filled rubber
composites shows composition and aspect ratio dependent electrical conductivity
and EMI SE [75, 76].

7 Polymer/Carbon Filler Based Composites as EMI
Shielding Materials

There are several Polymer/carbon filler based composites used as EMI shielding
material. Few of them are discussed as follows.

7.1 Polymer/Carbon Fiber (CF) Based Composites

Carbon fibers (CFs) are prepared by graphitization of Polyacrylonitrile (PAN) or
petroleum pitch [77, 78]. Ethylene-vinyl acetate (EVA) based conducting carbon
composites gives better performance to that of EPDM and natural rubber [12]. For
instance, 8 wt% of CNF is required to 20 dB EMI SE in EVA matrix whereas 17.5
wt% CNF is required to get the same degree of EMI SE in case of natural rubber
matrix (frequency = 12 GHz, thickness = 3.5 mm). The EPDM/CNF composites
EMI SE is closer to that of EVA/CNF but EVA/CNF composites exhibit better
EMI SE because of its polarity [12, 79]. When EVA and EPDM matrices are
blended together in 50:50 then it exhibits better EMI SE than an individual. The 9
wt% CNF loaded EVA-EPDM blend (50:50) exhibits 40 dB EMI SE for composite
thickness 3.5 mm from frequency 8–12 GHz [12, 79]. The effect of mixing speed,
mixing time, and mixing temperature for HDPE/VGCNF composites was per-
formed by Al-Saleh et al. [80, 81]. It was observed that increase in mixing speed,
time, and temperature causes decrease in EMI SE of HDPE/VGCNF composites
which is shown in Fig. 4a, b. Actually, in melt mixing process, the aspect ratio of
CNF depends on the speed of mixing, mixing time, and temperature. The aspect
ratio of CNF decreases with increase in speed of mixing because of rising in shear
stress. Increase in temperature during mixing causes preventing the reduction of the
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breakdown of CNF which results in retention of aspect ratio. Reduction in aspect
ratio causes a lower quality of dispersion of CNF in the polymer matrix results
lowering EMI SE.

The orientation of CNF plays a major role in determining EMI SE in the polymer
matrix. Jou et al. observed that oriented CNF (using a liquid crystalline polymer
based on aromatic polyester in injection molding) in polymer matric increases
EMI SE 30–50 dB by addition of 20 wt% CNF having composite thickness 3 mm
measured 1 GHz frequency.

It is observed from solution casting method made PVDF/CNF and PVOH/CNF
composites that the EMI SE of polymer/filler based composite is not directly
proportional to electrical conductivity like specific surface area of the conducting
filler which is responsible for optimum contact among the carbon particle resulting
high magnitude of EMI SE performance of composites [12, 82, 83]. Hence EMI SE
effectiveness of CNF based composites can be improved by modification of CNF
surface in such a way that it can increase the specific surface area of CNF by the
formation of pores by chemical or heat treatment [84, 85].

The variation of EMI SE due to the incorporation of CNF in the blend of EVA/
NBR reveals that EMI SE of EVA/NBR/CNF composite increases with increase in
EVA and CNF content presented in Fig. 5 [86]. The EMI SE is measured at
10 GHz having sample thickness 5 mm. It can be concluded that EVA/CNF
composite has better interaction responsible for EMI SE than NBR/CNF
composites.

7.2 Polymer/Carbon Black (CB) Based Composites

Different types of Carbon blacks(CBs) are prepared by thermal decomposition of
hydrocarbons in the gas phase [87, 88]. CB is always formed in an aggregated form,

Fig. 4 a EMI SE of 7.5 vol.% VGCNF/HDPE composites at 1 GHz and at different processing
condition (20 rpm and 100 rpm) as a function of time; b EMI SE of 7.5 vol.% VGCNF/HDPE
composites processed at 50 rpm as a function of the processing temperature. Reproduced from
[12]
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not in the single particle. It is widely used in rubber industry for reinforcement of
rubber compound. It is also used as a pigment. The degree of aggregation and shape
of CB is referred as its primary structure [88]. Generally, hardness, modulus,
electrical conductivity, dispersibility, and viscosity of polymer/CB composites
increase with an increase in the primary structure of CB [89, 90]. The CB based
ethylene acrylic, EVA/NBR, BR/LDPE, EPDM, SBR, siloxane, and NR/BR
composites are used as EMI shielding material [12, 91–94]. These types of EMI
shielding materials are generally prepared by melt mixing followed by a vulcan-
ization process. It is observed that SBR/CB composites exhibit poor EMI SE. The
20 dB of EMI SE is obtained by 35 wt% SBR/CB, thickness = 0.65 cm or a large
thickness (7 cm) to that of 15.3 wt% SBR/CB composite from 8 to 12 GHz fre-
quency [93]. The vulcanized EPDM/CB composites exhibit better EMI SE that of
SBR/CB composites. The 20 dB of EMI SE was observed by 35 wt% of EPDM/CB
composite having sample thickness of 0.55 cm measured frequency from 8 to
12 GHz. The composite of CB with a blend of EVA and NBR shows better per-
formance than NBR/CB and EPDM/CB composites.

The EMI SE of CB based composites of chlorinated polyethylene (Cl-PE),
linear low-density polyethylene (LLDPE), polypropylene (PP), epoxy resins, and
blend of polystyrene (PS) and PP was studied [12, 95–97]. It was found that
electrical conductivity and EMI SE of PP/CB composite is higher to that of PS/CB
composite. Actually, the filler prefers crystalline part in comparison to that of
amorphous part of the polymer. When conducting filler enters in amorphous part,
it undergoes proper dispersion than the crystalline part [97]. In crystalline part of
the polymer, the fillers tend to agglomerate which causes enhanced electrical and
EMI SE property. In fact, electrical conductivity and EMI SE of Polymer/filler
composites depend on aggregation behavior of conducting filler in the insulating
polymer matrix. The filler-filler and polymer-filler interaction play a vital role in
the magnitude of physical properties (mechanical, electrical, thermal, dielectric,
etc.).

Fig. 5 Variation of the
EMI SE of EVA/NBR/CNF
blends as a function of the
blend composition at 10 GHz
(t = 5 mm). Reproduced from
[12]
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7.3 Polymer/Carbon Nanotube (CNT) Based Composites

Carbon nanotubes (CNTs) are regarded as the conducting filler used for EMI
shielding application because of its large surface area and high aspect ratio [98–
100]. Multiwall carbon nanotubes (MWCNTs) is nothing but vapor-grown carbon
nanofibers (VGCFs) having a typical diameter of 50–200 nm. Vapor-grown carbon
nanofibers (VGCFs) have good electrical and thermal conductivity. The aspect ratio
is around 1000 and its cost is low [99–101].

Carbon nanotubes are of two types, namely, single-walled carbon nanotube
(SWCNT) and multiwalled carbon nanotube (MWCNT) [102]. The SWCNT can be
considered as graphene sheet is rolled up to hallow cylinder [102–104]. The con-
centric cylinders of graphene are considered to be MWCNT. The CNTs are mainly
synthesized by three methods like laser ablation, chemical vapor deposition, and
electric arc discharge. The aspect ratio of CNT is very high as compared to other
carbon fillers which cause substantial advantages than conventional carbon fillers. It
is observed that percolation threshold of polymer-CNT-based composites is very
low (<2 wt%) [104–106].

The melt mixing technique is used for the preparation of polymer-CNT com-
posite for commercial viability. There are various polymer-based composites of
CNT are prepared by melt mixing technique like- poly(ethylene terephthalate)
(PET), poly(ethylene) (PE), poly(trimethylene terephthalate) (PMTT), polycar-
bonate (PC), poly(ethylene-vinyl acetate) (EVA), poly(propylene) (PP), poly(ether
ether ketone) (PEEK), poly(ethylene methyl acrylate) (EMA),
acrylonitrile-butadiene-styrene copolymer (ABS), poly(L-lactide) (PLLA), andpoly
(caprolactone) (PCL) [107–109]. It was observed that CNTs shows high EMI
shielding in PMTT (20 dB at 5 wt%, 12–18 GHz, t = 2 mm) due to absorption of
EMI radiation [12, 110, 111]. The method of dispersion of CNT in polymer matrix
plays an important role to achieve desired electrical conductivity and EMI shielding
effectiveness. If the polymer-CNT composite is prepared by melt mixing process,
then there is a chance of decrease in an aspect ratio (length/diameter) of CNT. The
extent of decrease in an aspect ratio of CNT increases with increase in shear rate
during mixing. The reduction in an aspect ratio of CNT in polymer matrix leads to
decrease in electrical conductivity which in turns reduction of EMI shielding
effectiveness (SE). If the polymer-CNT composite is prepared by co-precipitation
method the aspect ratio of CNT-based composites retains which signifies the
highest electrical conductivity and EMI SE.

Solution casting method is also a very effective method of preparation of
polymer-CNT composite. The aspect ratio of CNT remains as such which results in
the best electrical conductivity and EMI SE. There is many CNT-based polymer
(PUR, PC, PS, PMMA, PVDF, PVP, cellulose triacetate, LDPE) composites are
prepared. It was observed that the EMI SE and electric properties of PVDF/PVP
blends were much higher compared to homopolymer composites (20 dB at 0.4 wt%,
0.1–1.5 GHz). The functionalization of CNT by carboxylic group reduces the
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electrical conductivity by disrupting the electronic network but it improves the
dispersion of CNT in the polymer matrix which in turn increases the permittivity of
composite resulting higher EMI SE to that of non-functionalized CNT-based com-
posite. The EMI shielding of composite not merely dependent on electrical con-
ductivity, but it also depends on permittivity, permeability, impedance, and angular
frequency. The electrical conductivity of polymer composite is dependent on its
percolation threshold. The improvement of the aspect ratio of conducting filler
results reduction in percolation threshold but the increment in EMI SE and electrical
conductivity. The heat treatment of CNT at 1000 °C before dispersion in polymer
matrix improves electrical conductivity but it adversely affects the EMI SE.

There are several studied have been done cured resin/CNT composite. Three
different aspect ratio/or wall integrity of CNT was compared with respect to
EMI SE. It was observed that the highest aspect ratio and wall integrity of CNT
imparts most efficient EMI SE. The EMI SE of polymer composite increases with a
better dispersion of CNT in the polymer matrix. The EMI SE of resin with and
without functionalized CNT is presented in Fig. 6.

In situ polymerization is another interesting method of preparation of conducting
composites used for EMI shielding application. In this method, the monomer is
polymerized in presence of conducting nano-fillers. By using this technique, better
electrical conductivity and EMI SE achieved by doping polyaniline with CNT. The
absorption of electromagnetic radiation is significantly improved by the addition of
CNT in polyaniline which is shown in Fig. 7. The dispersion of CNT in polyaniline
can be improved by oxyfluorination of CNT to achieve better EMI SE. The EMI SE
of PANI/CNT composites can be improved by treatment with the O2/F2 ratio which
is presented in Fig. 8.

Fig. 6 EMI SE as a function
of the frequency of epoxy
resin filled with raw MWCNT
(R-MWCNT) and MWCNTs
treated with fluorine gas at a
pressure of 0.5 bar
(F05-MWCNT) and 1 bar
(F01-MWCNT). Reproduced
from [12]
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7.4 Polymer/Graphene-Based Composites

Monolayer Graphene sheet has attracted the scientific community because of its
excellent low density, large aspect ratios, high surface area, versatile processing,
ultrahigh electrical conductivity, thermal, and excellent mechanical stiffness [112,
113]. The percolation threshold of graphene (anatomically thick two-dimensional
structure) is low. This attributes adequate EMI shielding at a low content of gra-
phene in the polymer matrix. There are many kinds of polymer/graphene composite
like foam, sandwich, porous, and segregated structured materials have been
developed for EMI shielding application. The polymer/graphene composites are
costlier material, hence, the recent research progress is to develop cheaper and
viable manufacturing of composites by making the composite more conducting by
functionalization of either polymer or carbon fillers or both. It is reported in the

Fig. 7 Contribution of
absorption (SEA) and
reflection (SER) to the
EMI SE of PANI/MWCNTs
nanocomposites prepared by
in situ polymerization
(thickness 2 mm).
Reproduced from [12]

Fig. 8 EMI SE of
polyaniline filled with 1 wt%
of raw MWNTs (POF00) and
MWNTs treated with a
different mixture of O2/F2: 8/
2 (POF82), 5/5 (POF55) and
2/8 (POF28). Reproduced
from [12]
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literature [114] that the annealing (at 250 °C) sample of epoxy resin—graphene
composite enhances electrical conductivity and it shows EMI SE of 20 dB (15 wt%,
8–12 GHz). When graphene (10 wt%) is dispersed in polyurethane, then the
composite exhibits higher EMI SE than the composites obtained from a combi-
nation of polyurethane-carbon nanotube composite [115]. The better EMI SE can
be achieved by graphene with electrically conductive polymers [116]. Graphene
sheet (GS) were dispersed in conducting polymer like polyaniline [117–119] and
(Poly (3-hexylthiophene) (P3HT) [116] in order to improve the shielding properties.
The aggregation of P3HT particles on the surface of graphene sheet was reduced by
adding drops of methanol in a chloroform solution of GS/P3HT. The combination
of equal quantity of GS and P3HT showed improved SE which was 20 dB (8–
12 GHz, t = 2 mm). The polyaniline/GS composites exhibit superior SE than
P3HT/GS composite. The synergistic behavior of SWCNT and GS was also
observed. The SWCNT acts as conducting wire which connects GS.

It is reported that 20 wt% lightweight composites of reduced graphene oxide
(rGO) exhibit EMI shielding of 38 dB [120]. The ultrathin composites of gra-
phene show absorption value of 15 dB and reflection of 30 dB [121]. The
magnetic nanoparticles (NiFe2O4) decorated r-GO composites show remarkable
EMI shielding attenuation capacity [122]. The recent progress of the research is to
develop flexible EMI shielding material having high electrical conductivity and
low-density carbon-based polymer composite. There are various approaches like
vacuum-assisted, layer-by-layer assembly, and solution casting, etc., have been
developed to fabricate graphene-reinforced thin film composites [123–125].
However, orientation and distribution of graphene are difficult to control in the
polymer matrix. It is also very difficult to prepare thin films of polymer/graphene
composite having a high electrical conductivity which is due to poor dispersion,
interconnectivity, and insufficient reduction of rGO in the insulating polymer
matrix. It is the fact that uniform dispersion of graphene is very difficult, as it
agglomerates and forms multilayer without any preferential arrangement instead
of a single layer in the polymer matrix. Hence, the preferred orientation of
nanofillers in the polymer matrix is essential to achieve the highest electrical
conductivity and EMI shielding. The internal morphology of polymer/graphene
composite depends on polymer-filler interaction and content of filler. Low filler
content in the polymer matrix exhibits poor connectivity and random filler dis-
tribution whereas high filler content above percolation threshold confirms the
inter-filler connectivity layer.

The EMI SE of flexible asymmetric PVDF-HFP/rGO composite exhibits totals
EMI SE (SET); *30 dB, EMI SE due to reflection (SER); *10 dB and EMI SE
due absorption (SEA) *20 dB [126]. The graphene is aligned in PVDF-HFP
matrix which is confirmed by electrical conductivity measurement. The SET,
*30 dB of PVDF-HFP/rGO composite is sufficient EMI SE for practical
application.
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Effect of Different Factors on EMI Shielding Effectiveness of Polymer
Composites
Nature and Types of Fillers

EMI Shielding effectiveness of polymer composites various according to the
nature and types of fillers used in polymer matrices. The used fillers in insulating
polymer matrices may be metallic, carbonaceous, conductive polymers. etc. We
investigated the EMI SE of EVA and NBR polymers filled with carbon compared to
carbon black filled ones. Actually, the EMI SE polymer composite depends on the
conductivity of fillers and their connectivity in the polymer matrix. Both the con-
ductivity and connectivity of fillers improve the EMI SE of the polymer composites
by absorbing EM radiation. The conductivity and connectivity of filler vary
according to their nature and types. Through the conductivity of some fillers are
higher compared to other fillers, but whether it will show higher EMI SE or not, that
will depend on the connectivity in the polymer matrix, which will be discussed later
on the section “geometry of filler”.

Concentration/Loading of Additives

Conductive additive concentration greatly affects the EMI SE polymer com-
posites. Insulating polymer matrices are transparent to EM radiation. These poly-
mers cannot interfere with the radiation, hence their SE is very low (0–3 dB)
depending on the nature of polymer that is either polar or nonpolar. The addition of
conductive additive in the polymer matrices increases the EMI SE of polymer
composites. It was reported that, initially, the increment in EMI SE is marginal with
the addition of fillers because the conductive particle cannot from connectivity at
low loading a number of absorption site is also less. On raising the concentration of
fillers, the number of the conductive site for absorption of variation is increased,
and hence the EMI SE is also increased. After a certain loading, there is the increase
in the number of the more conductive site as well as the formation of connective
conductive filler network. This is called the percolation threshold of EMI SE. At
this stage is the drastic increase is EMI SE is observed. Further addition of con-
ductive filler into the polymer matrices increases the number of conductive site and
connectivity by the formation of the cluster. However, the increment in EMI SE is
less compared to their percolation stage. Actually, after percolation threshold, the
increment in electrical conductivity is marginal and hence the EMI SE mostly
governed by the connectivity of the conductive additives, that means the increase in
a number of absorption site. Thus the increment in the electrical conductivity and
the increment in EMI SE after percolation threshold do not follow the same path. It
was observed that the increment is EMI SE is always higher compared to the
electrical conductivity after percolation threshold at their similar loading of filler
[127, 128]. The conductive composites filled with different fillers showed the dif-
ferent value of EMI SE at their similar filler loading.
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Geometry of Fillers

The connectivity and black conductivity of fillers within the polymer matrices
are greatly affected by the geometry of filler particles. Actually conductive fillers
have different geometry like spherical, rod-like, tube-like, flat surface, granular, etc.
with different shape and size. Spherical, particles forms aggregates with different
size known as the structure of fillers. Rod-like/tube-like fillers differ in diameter and
length known as the aspect ratio of fillers (length/diameter). Graphene has
monoatomic thick planer geometry with the flat surface area. The connectivity and
bulk conductivity increase with the increase in structure/aspect ratio of fillers and
hence we can get higher EMI SE of the composites at a relatively lower loading of
filers. We tested the effected of the geometry of low carbon blacks with different
structure and short carbon filler with high aspect ratio. It was revealed that high
structure carbon exhibited a higher value of EMI SE compared to low structure one
at their similar loading of fillers. Moreover, the carbon fiber with high aspect ratio
exhibited the highest EMI SE due to its better connectivity compared to the others
at their similar filler loading. The effect of carbon black structure on the EMI SE of
polymer composites was also investigated by other authors and reported the same
phenomenon [1, 39].

Nature of Polymers

The characteristics of polymers play an important role in the dispersion of filler
within the polymer matrices. The nature of dispersion of fillers will be different in
polar and nonpolar polymers. The interface energy between the filler and polymer
varies according to their polarity. Polar polymers are having higher interface energy
compared to nonpolar one and hence produce a better dispersion of filler within the
polymer matrices. Thus, the EMI SE will be different for polar and nonpolar
polymer filled with the same type of filler article. However, which polymer com-
posite will exhibit higher EMI SE that not only governed by their polarity but also
by other factors of polymer like its viscosity, crystallinity, molecular weight, etc.,
also play the important roles. It has been reported that the filler mostly distributes in
the amorphous region of polymer and less to the crystalline region. Some parts of
the filler distribute at the interface between crystalline and amorphous region.
Hence for crystalline polymers, the electrical percolation threshold of conductivity
is observed at a relatively lower loading of fillers compared to amorphous polymers.
However, the results of EMI SE may be contradictory. The SE of the crystalline
polymer may be higher or lower compared to amorphous polymer depending on the
level of crystallinity of polymer and connectivity of filler within the polymer matrix.
Higher crystallinity results in low electrical percolation threshold and higher elec-
trical conductivity to the polymer composites at the same level of filler loading but
on the contrary, it gives better connectivity at the amorphous region and worse
connectivity in the crystalline region. Thus, the EM radiation, though absorbed and
dissipated in the amorphous region due to better connectivity in the filler networks,
but some part of it transmitted through the crystalline region due to less quantity of
filler and connectivity. We reported the EMI SE of low crystalline EVA and
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amorphous NBR filled with car blacks and short carbon fiber. It was shown that the
EMI SE of NBR composites was higher compared semi-crystalline EVA at their
similar filler loading. This was attributed to the better dispersion and distribution of
filler in the amorphous polymer NBR. The role of polymer viscosity is also a crucial
factor. The dispersion of fillers becomes the case with low the viscous polymer.
High viscous polymer polymers cause the breakdown of conductive particles during
the processing of composite due to high shearing force. Thus, the particle size
(structure/aspect ratio) is processed with high viscous polymers, which adversely
affect the EMI SE, because it negatively affects the filler connectively within the
polymer matrices. It is reported that the polymer with low viscosity exhibited higher
EMI SE compared to high viscosity one at the similar loading of filler. Polymer
molecular weight (Mw) also plays on an imported role in controlling the EMI SE of
polymer composites. Actually, a polymer with high Mw will exhibit high viscosity
compared to low Mw polymer.

Blending of Polymers

The blending of polymers is done by mixing two or more polymers together.
When two polymers are mixed together, then it is known as a binary blend and
when their polymers are mixed together then it is known as a ternary blend and
likewise. Blending may be polar–polar, nonpolar–nonpolar and polar–nonpolar.
Polar–polar and nonpolar–nonpolar blending are expected to be miscible, whereas,
polar–nonpolar blending is immiscible. For miscible/compatible/blends, there is no
any distinguishable interface between the polymers, and hence the distribution of
filler particles expected uniformly within the polymer matrices depending upon the
level of crystallinity in the polymers. But for immiscible blend/incompatible blend,
the filler particle may distribute within both phases as well as at the interface of both
polymers. In literature [129], it was reported that the blending of two immiscible
polymers resulted in low electrical percolation threshold and high and electrical
conductivity compared to miscible blend because of the formation of a continuous
network of filler at the interface of two polymers. We investigated the electrical
conductivity and EMI SE of EVA/NBR blend composites of their different pro-
portions filled with carbon blacks and carbon fiber as mentioned earlier [86]. We
found that NBR-rich composites exhibited higher conductivity EMI SE compared
to EVA rich composite at their similar loading of carbon filler. Through the blend
composites were compatible, it was shown that the fillers particle was distributed
more to the amorphous region of the polymer. As NBR was almost completely
amorphous in nature, hence NBR-rich blend exhibited a higher value of EMI SE
and electrical conductivity compared to EVA rich to EVA rich blend composite.
A. Saleh et al. reported the EMI SE of PC/ABS blend composite filled with CNTs
nanofiber [130]. The increase in the amount of PC in ABS resulted in the decrease
in EMI SE of the blend nanocomposites. It was reported that PC adversely affected
the processability of composites by increasing the torque inside the mixing
chamber, resulting in the higher shearing force on the filler particles and conse-
quently more break down of particles and lowering of the average aspect ratio.
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There is also the phase separation between PC and ABS, and this phase separation
increase with the increases with the increase in PC composition in ABS matrix.

Thickness of Sample

The increase in thickness of a test sample/composite may be considered as a
combination of different layer players placed alternatively one after another. If any
EM radiation is incident on the first layer of the sample, then some part of it will be
absorbed and the rest part will be transmitted through it. The emitted radiation from
the first layer will then pass through the next layer and some part gets absorbed by it
while the remaining part if any will pass through the subsequent layer and so on.
Thus, with the increase in thickness, the absorption of EM radiation increases
within the polymer composites and will result in the overall increase in EMI SE.
The increment in EMI SE with the increase in sample thickness follows a linear
relationship as shown in our previous investigation with the formula

Y ¼ mX þC;

where ‘Y’ is the EMI SE of the composite at the particular thickness “X” “m” is the
slope of the straight line and ‘C’ is the intercept. It was reported that the slope value
increases with the filler loading in the composites and the increase in the structure
of filler. Actually, with the increase in filler loading, the concentration of fillers per
unit volume increase, and hence the mess size decrease, leading to the less passage
of EM radiation and higher value of the slope.

Functionalization/Modification

Mostly conductive additives are used as fillers in polymer matrices for making
EMI SE materials. These conductive additives are associated with either conjugated
double-bond or the delocalized lone-pair of electrons. The modification of these
additives is done by the reaction of a modifier with the double-bond or lone-pair of
electrons of the additives. Thus, due to modification, the conjugation of the addi-
tives is lost, and hence the conductivity and connectivity are reduced. Thus, the-
oretically, may adversely affect the EMI SE of the polymer and polymer composite.
The conductive polymer polyaniline, polypyrrole, etc., are also modified with
different acids to improve their electrical conductivity and/or dispersion within the
matrices. There were some contradictory reports about the effect of the modification
on EMI SE. In some cases, there is the improvement in EMI SE after modification,
whereas, in other cases, there is the decrement in EMI SE.

Method of Preparation/Synthesis

The EMI SE of polymer composites is greatly affected by the technique in which
the composites are being prepared. The dispersion of filler and the breakage of filler
particle vary according to the preparation methods of the polymer composites. The
breakage of filler particles in the polymer matrix during mixing process depends on
the exerted shearing force on it. Higher the shearing force during the mixing pro-
cess, higher is the breakage of filler particles in the polymer composites. A polymer
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composite prepared by melt mixing technique and solvent casting technique widely
differ in their mechanical, electrical, thermal and EMI SE properties. When a
composite is prepared by melt mixing technique, the exerted shearing force on the
filler particle is comparatively very high compared to solvent casting technique.
Thus, a composite prepared through solvent casting technique would exhibit higher
EMI SE compared to the composite preparer through melt mixing technique.

Effect of Frequency

The EMI SE of polymer composites is greatly affected by the frequency of
electric/electromagnetic field Sau et al. [14] had reported the EMI SE of carbon
black and fiber-filled polymer composites at S-band (100–2000 MHz) and X-band
(8–12 GHz) regions. The EMI SE at X-band region were reported much higher
compared to S-band region. Actually, the conductivity is increased with the
increase in frequency and EMI SE almost proportionally increases with the increase
in conductivity. This is why the EMI SE is increased with the increase in frequency.

Electrical Conductivity

The EMI SE of the polymer-filler composite is highly influenced by electrical
conductivity. According to the literature [42, 51], Eq. 6, it is clear that EMI SE is
directly proportional to the electrical conductivity of the composite. In extrinsically
conducting composite, the electrical conductivity of the composite depends on
percolation threshold. Before percolation threshold electrical conductivity gradually
increases but at percolation threshold, electrical conductivity increases instantly and
after percolation marginal improvement in electrical conductivity is observed.
Whereas EMI SE is independent of percolation threshold. There is a tremendous
increment in EMI SE after percolation, unlike electrical conductivity.

Processing Parameters/Synthesis Parameters

It has been mentioned earlier that the polymer and polymer composites are
prepared by different techniques. However, the processing/synthesis of polymer
composites and polymers are dependent on different parameters. As for example,
the processing of polymer composites by melt mixing technique using twin-screw
extruder is dependent on mixing time, mixing temperature, rotor speed, the
sequence of addition of ingredients, volumetric capacity inside the barrel, molding
pressure, etc. In dry mixing, through two the roll-mill, the mixing time, tempera-
ture, rpm of the roller and their speed ratio play important role in the mixing of
ingredients. The properties of the composite prepared through solution mixing
process depend on the quantity and types of taken solution in a beaker, rpm of the
mechanical/magnetic stirrer, mixing time, temperature, etc. In the ultra-sonication
technique (either bath type or probe type), the mixing time, temperature, frequency,
pulse rate, types and quantity of solvent, etc., play a major role in controlling the
properties of the composites.
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In situ Process

In this method, the synthesis of one component is carried out in the presence of
other ingredients. For the preparation of polymer composite, either the polymer or
the additive is synthesized in presence of the other component. Mostly, the insu-
lating polymer is synthesized from its monomer in the presence of conductive
additives. In many cases, the conducting polymers are synthesized from its
monomer in the presence of insulating polymer to prepare insulator–conductor
polymer composite. In this case, the synthesized conducting polymer is used as a
conductive additive. This method is also used to prepare a functional composite.
The advantage associated with better homogeneity and grafting between polymer
and additive can be carried out. Hence the composite with the high volume fraction
of filler can be prepared. The disadvantage of this method is that the removal of final
traces of reaction by-product produce in this method is very difficult and hence
these acts as an impurity which reduce the electrical conductivity of the composite.

8 Conclusion

The adsorption and/or reflection of EM radiation by a material are referred to as
EMI shielding. Actually, EMI shielding material shields the penetration of EMI
radiation through the material. There are different methods have been developed to
prepare polymer/carbon filler based EMI shielding materials. Solution casting
method is preferred during mixing of SCF in the polymer matrix to avoid reduction
of aspect ratio of SCF. Moderately high electrical conductivity (*1 S/m) and/or
high permittivity is the basic requirements for making an efficient screen. The EMI
SE of composites depends on permittivity, permeability, electrical conductivity, and
thickness of material. Polymer/carbon filler based composites are better than
metallic EMI shielding materials because of its low cost of production, non-rusting,
inertness to polar solvents, light weight, durability, and flexibility. Compounding
and processing parameters like mixing time, temperature, and rotor speed are
another factors governing EMI SE of polymer/filler composites. The intrinsic
electrical conductivity, geometry (structure), and aspect ratio of fillers affects the
overall conductivity and EMI SE of composites. The order of intrinsic conductivity
of carbon fillers are GS > CNT > CF > CB.

The 20–30 dB attenuation is enough to prevent 99.9% EMI radiations which can
be achieved by the electrical conductivity of 1–2 S/cm of composites. This range of
attenuation is sufficient for most of the industrial and consumer application. The
investigation is going on to prepare cost-effective, transparent, and flexible thin film
of polymer composites used for EMI shielding application. To achieve this target,
functionalization of the insulating polymer matrix, as well as a coating of con-
ducting fillers, are required. The EMI shielding materials are used in the form of
foam, woven structures, and multilayered casing. Nowadays EMI shielding
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materials have high demands in the military and other commercial purposes. It is
used in highly sensitive electronic devices and as a packaging material.
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Thermal Conductivity of Polymer–
Carbon Composites

Soumya Mondal and Dipak Khastgir

Abstract Thermally conductive polymer–carbon composites whirled the motion and
created a new era in polymer compositesfield by replacing themetal parts and inorganic
filler-polymer composites in several application areas like heat exchanger, electric
motors, power exchanger and generators. The advantages that create the possibilities of
polymer–carbon composites over others lie in the several advantages such as light-
weight, non-corrosive and most importantly ease of processing. Carbonaceous fillers
generally haveveryhigh thermal conductivity, but their polymer composites suffer from
achieving such high level of thermal conductivity though it attains the requirement in
field application or even more in some particular filler-polymer combinations. The
challenge mainly comes from the high interfacial resistance between filler and polymer
matrix which alter the phonon transfer path, resulting in low thermal conductivity of
polymer composites. This chapter reviews the thermal conductivity of various poly-
mer–carbon filler composites with special references to the role of crystallinity devel-
oped inpolymer due to the presenceoffiller, size and shapeoffiller, surfacemodification
to improves interfacial adhesion and their dispersion ability in the polymer matrix in
controlling the thermal conductivity of composites.

Keywords Polymer � Composites � Thermal Conductivity � Filler

1 Introduction

The thermal conductivity of material has always been one of the most important
properties, since the ancient age, when people started looking for something like
animal wool for use as cloth, which has kept them warm in winter for very long
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time. As animal wool are the materials with very low thermal conductivity, which
restricts the passes of human body heat quickly to the environment and kept them
warming for a long time. This concept of heat transfer is later on used by the
scientist at the time of industrial revolution, where they used metal as very high
thermal conductivity materials. In the past two decades, various metal like copper,
silver, gold and aluminium have been utilized for the manufacturing of conductors.
However, certain demerits like heavyweight, high cost and some area of applica-
tions where some insulating material is needed to perform the heat transfer away
from the conductor, polymers are one of the peerless substituents for metal. As
polymers are the most preferred materials for the past few decades in every
direction of the materialistic world due to its outstanding combination of light
weight, ease of production, ease of handling, low cost and most interestingly can be
given any shape by using simplest method. High thermal conductivity is highly
required in electronic circuits for transferring heat quickly in order to resist the
dielectric failure due to overheating. Generally, polymers exhibit low thermal
conductivity due to its lower atomic density, feeble atomic interactions, very
complicated crystal structure and finally higher level of anharmonicity in the
molecular vibrations restricts the phonon transport [1]. Introduction of fillers in
polymers is one of the common practices that have been adopted by the researchers
to improve its thermal conductivity. Metallic fillers have the capability to improve
the thermal conductivity of polymers manifold [2–5]. Due to incorporation of high
amount of metallic filler the density of material increases consequently it alters the
mechanical properties, hence it find limited application where light weight is the
matter of concern [6]. Other than metallic fillers, a lot of carbonaceous filler like
carbon black, graphite, carbon nanotube, carbon fibres and most recently graphene
have been introduced as thermally conductive fillers for polymers [7–9]. This
chapter contains theoretical explanations of thermal conductivity, measurement of
thermal conductivity of only carbon-based polymer composites. Details explana-
tions of lower thermal conductivity of polymers and the process of improvement are
given. The uses of various carbonaceous fillers for thermally conductive composites
are explained elaborately. Effort has been made to discuss about different thermal
conductivity model of polymer-carbon composites and its explanations to fit ther-
mal conductivity results for various filler-matrix combinations. The role of size and
shape, surface modifications, concentrations of various fillers on thermal conduc-
tivity of polymer composites is discussed. How the interface of polymer and filler
acts in controlling the thermal conductivity is also explained.

1.1 Definition of Thermal Conductivity

The thermal conductivity (denoted by ‘k’ or often by ‘k’) is the property of a material
that describes its ability to conduct heat. It is measured on the basis of Fourier’s Law
(1822) for conduction of heat. Heat conduction is the phenomenon of transfer heat
(i.e. internal energy) that evolves through microscopic collisions of particles and

370 S. Mondal and D. Khastgir



movement of electrons within a particular material, which may be in the form of
solids, liquids, gases or plasmas. A microscopic collision generally takes place
between molecules, atoms and most importantly between electrons and it transfers
the disorganized microscopic kinetic and potential energy. In SI units, thermal
conductivity is measured in watts per metre per Kelvin [W/(m.k)].

1.2 Thermal Conductivity Measurement

Depending upon various materials, consequently their thermal properties and the
medium temperature where the experiment will be carried out, thermal conductivity
can be measured in several ways. But the most common practice of measurement is
the guarded hot plate (GHP) technique, using the steady-state phenomenon, in a
temperature range of 20–70 °C according to ASTM C177 [10, 11]. This GHP
method has shown schematically in Fig. 1. In the steady-state heat flow (q), a
temperature gradient (dT/dx) is created inside the material along the direction of
heat flow. Thermal conductivity of a material based on this GHP method can be
calculated using the following equation:

k ¼ �Q
A

d
DT

ð1Þ

where k is the proportionality constant and is known as thermal conductivity of a
material [12]. Q is the total heat flow supplied by the main heater and
DT = TH − Tc. The guarded heater and ring play the crucial role of thermal barriers
to ensure that heat can be flow in one direction, i.e. from the main heater to cold

• Temperature sensor

TH (Hot side temperature)
d (sample thickness) 

TC (Cold side temperature)

Fig. 1 A schematic representation of measurement process of thermal conductivity; (1) guarded
heater, (2) guarded ring, (3) main heater, (4) sample specimen, (5) cold plate and (6) heat sink
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plate. This test method is very useful in measuring the thermal conductivity of
flexible material with high accuracy level.

The proportionality constant k in Eq. (1), in other form may be defined as the
quantity of heat that passes through a unit cube of material in a unit time when the
temperature difference between the opposite faces of the cube is 1 k and Eq. (1) is
modified as follows:

q ¼ �k
dT
dx

ð2Þ

1.3 Thermal Conductivity Behaviour of Low Dielectrics
Polymer

The process of heat transfer depicts the phenomena of transfer of energy from one
place to other having sufficient level of energy difference by certain energy carriers.
Unlike gas or liquids where the heat energy transferred through molecules by ran-
dom molecular motion (diffusion) or by an overall drift of the molecules in a certain
direction (advection) process, in dielectric solids (polymer), the heat energy is
transferred through phonons. Phonons, the quantized modes of vibrational energy,
arise from the oscillating atoms within a crystal. This vibrational energy is the
primary mechanism of heat transfer in polymeric materials as the free movements of
electrons are impossible [13]. This state of the process of thermal conductivity in
dielectric solids was successfully explained by the following Debye kinetic model:

k ¼ 1
3
C � v � l ð3Þ

where C is the specific heat per unit volume, v is the average phonon speed and l is
the mean free path of phonon. Depending upon the operating temperature, the mean
free path (l) varies from few nanometres to few micrometres while the velocity of
phonon remain unchanged with variation in temperature.

The specific heat of a material can be written in other form as C ¼ CP � q, where
CP and q are the heat capacity and density of that particular material. The velocity
(v) and the mean free path (l) of a phonon is related to each other in the form of
thermal diffusivity (D) by D ¼ v � l.

Hence, thermal conductivity of the dielectric solids is now reformed and given
by the following equation [14]:

k ¼ 1
3
Cp � q � D ð4Þ

Generally, polymericmaterials show very low thermal conductivity and the reason
lies in theirmolecular structure. In polymers, themean free path (l) is very small nearly
few angstroms due to scattering of phonon from numerous defects, mainly from the
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interfaces of the amorphous and crystalline region, hence its’ contribution to thermal
conductivity is very low [15]. Due to the chain line structure of it, the contribution of
heat capacity comes from in the two forms: (a) lattice vibrations or acoustics vibration
and (b) characteristics vibrations from the internal motion of the repeating unit since
the free movement of electrons is not possible here [16]. The lattice vibrations have
major contribution in thermal conductivity of polymer composites at low tempera-
tures. The contribution of the side groups to the net thermal conductivity comes only at
the temperature above 100 K [17] and this is the reason behind the net rise in thermal
conductivity with rise in temperature. Table 1 displays the thermal conductivity of
some polymers that are commonly used in various applications.

Table 1 Thermal conductivity of some polymers

Material Thermal conductivity at 25 °C (W/
mK)

Low density polyethylene (LDPE) 0.30

High-density polyethylene (HDPE) 0.44

Polymethylmethacrylate (PMMA) 0.21

Epoxy resin 0.19

Polypropylene (PP) 0.11

Polystyrene (PS) 0.14

Poly(ethylene terephthalate) (PET) 0.15

Poly(butylene terephthalate) (PBT) 0.29

Poly(acrylonitrile-butadiene-styrene) copolymer
(ABS)

0.33

Polyetheretherketone (PEEK) 0.25

Polyphenylene sulphide (PPS) 0.30

Polysulfone (PSU) 0.22

Polycarbonate (PC) 0.20

Poly(dimethylsiloxane) (PDMS) 0.25

Polyvinylidene difluoride (PVDF) 0.19

Polytetrafluoroethylene (PTFE) 0.27

Poly(ethylene vinyl acetate) (EVA) 0.34

Polyimide, thermoplastic (PI) 0.11

Polyphenylsulfone (PPSU) 0.35

Polyvinyl chloride (PVC) 0.19

Nylon-6 (PA6) 0.25

Nylon-6.6 (PA66) 0.26

Reproduce after permission from [21]

Thermal Conductivity of Polymer–Carbon Composites 373



1.4 Effect of Crystallinity and Temperature on the Thermal
Conductivity of Polymers

The crystallinity of polymers highly influences its thermal conductivity behaviour
over a wide range of temperatures. The conductivity of highly crystalline polymers
namely high-density polyethylene (HDPE) is nearly 0.44 W/m K and it is always
higher than an amorphous polymer like polystyrene (PS) with thermal conductivity
of 0.14 W/m K. Higher the percent of crystallinity higher will be the thermal
conductivity. This observation was studied by the Duncan M Price et al. by
preparing different level of crystalline samples using the DSC (differential scanning
calorimeter) instrument with varying the cooling rate. The values of thermal con-
ductivity at different crystalline levels are given in Table 2 [18–21].

Kline [22] cited in his article about the variation of thermal conductivity of both
the semicrystalline and amorphous polymers with temperature varied from 0 to
100 °C. He nicely represented the work done by Cherkasova [23] in his article. It
has been seen that the thermal conductivity of all the amorphous polymers increases
with temperatures but the same for semicrystalline polymers decreases with tem-
peratures though the value of thermal conductivities of crystalline polymers is
always higher than amorphous one. The increase in conductivity of amorphous
polymers with temperatures lies in their internal molecular mobility caused by the
increase in temperature and also the behaviour of the amorphous polymers are tend
to that of glasses, in which also the conductivity varies in the same fashion.
Cherkasova did the study with several polymers in which the thermal conductivity
of amorphous polymers namely polystyrene (PS) started to increase very slowly
with temperatures as it is closed to 100 °C. The conductivity behaviour of
semicrystalline low-density polyethylene remains unchanged near about 40 °C but
after that, it started to decrease due to melting of the crystalline zone, though its
conductivity value is quite higher than the amorphous polymers. The thermal
conductivity behaviours of highly crystalline polymers like poly (hexamethylene
adipamide) and poly (tetrafluroethylene) remain unchanged in this entire temper-
ature zone. As both these polymers are highly crystalline, its crystallite does not
melt at this temperature and thus its conductivity remains unchanged and hence

Table 2 Effect of cooling rate on crystallinity and thermal conductivity of PTFE

Cooling rate (°C min−1) DHf (J g
−1) Crystallinity (%) k (mW m−1 °C−1) at 232 °C

Pristine samples 37.4 75 ± 2 300 ± 12

1 37.9 76 ± 2 298 ± 12

2.5 35.6 71 ± 2 292 ± 12

5 34.0 68 ± 2 287 ± 11

10 32.8 66 ± 2 286 ± 11

20 31.5 63 ± 2 283 ± 11

40 30.2 61 ± 2 279 ± 11

Reproduce after permission from [6]
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they possess very high thermal conductivity value. But the thermal conductivity
value of polymers at low temperatures is reviewed with minute attention to dis-
tinguish the thermal conductivity behaviours of semicrystalline and amorphous
polymers. At very low temperatures (1 °K), the thermal conductivity behaviours of
semicrystalline polymers are very similar to that of highly imperfect crystals having
a maximum thermal conductivity near 100 °K and moves to lower temperatures and
higher conductivities as the crystallinity started to increase. On the other hand, the
amorphous polymers exhibit temperature dependence similar to that of glass as
stated earlier with no maximum peak but with significant plateau region in the range
between 5 and 15 °K [24]. In continuation with that, the thermal conductivity of an
amorphous polymers increases up to the glass transition temperature (Tg) but it
decreases above Tg [25, 26]. This may be explained as with the increase of tem-
perature up to Tg, the polymer chain straighten out and thus increase in path length
of phonon transport leads to the increasing in thermal conductivity. In the vicinage
of glass transition temperature, the density of the polymers becomes minimum and
thus the mean free path becomes maximum resulting in highest value of thermal
conductivity at Tg. Above Tg, the polymeric material undergoes transition from
rubbery phase to molten state and increase in thermal motion of small chain create
some micro-voids resulting in scattering of phonons. This scattering phenomenon
in turn slightly decreases the thermal conductivity of polymer.

From the all the information described in the anteceding, it is quite clear that
very low thermal conductivity is the characteristics of polymers. On the other hand,
there are numerous applications where the high thermal conductivity of material is
required and polymers being of very lightweight and having a lot of interesting
features, it can be a very good material for many applications if their thermal
behaviour can be improved. In several industrial application domains like electronic
packaging and encapsulations, circuit board in power electronics, heat exchangers,
materials for power equipment, computer chips, satellite devices and a lot of others
crucial sectors where good dissipation of heat is one of the significant factors for the
sustainability of the material are very much needed. This versatile need of modern
era has forced the researchers to think about developing high thermally conductive
polymer composites [27].

2 Various Carbon Fillers for Thermally Conductive
Polymer Composites

Introduction of carbon fillers into the insulating polymer matrix is the common
procedure to improve their electrical, mechanical and most importantly their ther-
mal properties. The thermal conductivity of the composites has improved a lot with
the addition of fillers like carbon black, carbon fibre, carbon nanotubes, graphite
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and most recently the graphene [28–30]. The thermal conductivity of some carbon
fillers is given in Table 3 [6, 31]. As we have discussed earlier that there are a lot of
disadvantages of using the metallic fillers and thus obtaining a polymer composites
with thermal conductivity greater than 4 W/mK is becoming a great challenge to
the researchers. The outcome of the detail investigation shows that carbon-based
fillers are the most promising filler for achieving higher thermal conductivity
composites material with varying lightweight. High thermal conductivity, light-
weight, low cost and easy dispersibility in polymer matrix make graphite a very
interesting material for making polymer composites. Haoming et al. [32] have
shown that with the introduction of 34 vol.% colloidal graphite, the thermal con-
ductivity of polystyrene (PS) improved to 1.95 W/mK from 0.14 W/mk. Higher
dispersion characteristics of graphite into the polymer matrix improve the interface
of PS/graphite and higher degree of exfoliation with very good conducting network
helps in improving the thermal conductivity of the composites. Haddon et al. [33]
have shown that few layer graphene (GNP), where n * 4 (n = number of layer),
with a thickness of *2 nm is a very efficient filler for epoxy composites for
enhancing thermal conductivity up to 6.44 W/mK over the conductivity of neat
epoxy (0.26 W/mK) at the loading of *25 vol.%. Thus, this use of such low
volume fraction is very much helpful to produce flexible composites, where con-
ventional filler requires a loading of *70 vol.% to achieve that much amount of
conductivity. Lafdi et al. [34] stated that a sufficient amount of increase in thermal
conductivity 2.8 W/mK was achieved by using vapour grown carbon fibre (VGCF)
at a level of 20 wt% in epoxy matrix with very good level of mechanical properties.
Kuriger et al. [35] have prepared VGCF/polypropylene (PP) composites through
melt mixing and have shown that the thermal conductivity value in different
directions of carbon fibre is different. At the loading of 23 vol.% of fibre, the
thermal conductivity value of the composites is 5.38 W/mK in longitudinal direc-
tion and 2.49 W/mK in the transverse direction. Abdel-Aal et al. [36] have shown
that the thermal conductivity of epoxy-carbon black (CB) composites increases with
increase in CB loading and reached a moderate value of 1.5 W/mK at the loading of
30 wt% of CB. With the increase in CB concentration, particles come close to each
other and favour the phonon transfer process as a very thin layer of epoxy is present

Table 3 Thermal conductivities of some thermally conductive carbon fillers

Material Thermal conductivity at 25 °C (W/mK)

Carbon black 6–174

Graphite (on plane) 100–400

Carbon fibre 21–180

Vapour grown carbon fibre (VGCF)

longitudinal direction *2000

transverse direction 10–100

Carbon nanotubes 2000–6000

Graphene 3000–5500

Reproduce after permission from [6]
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between the CB particles. On the other case, the increase in crystallinity may be
another reason for the increase in thermal conductivity as discussed earlier. In spite
of being a low-cost filler, the use of CB black for enhancing thermal conductivity is
limited due to very low increase in thermal conductivity with high amount of
loading; it is mainly used for an increase in thermal conductivity. As the investi-
gation of M. Bououdina et al. shows that a very limited increase in thermal con-
ductivity is observed after incorporation of 30 wt% of CB. Hence, the main
carbon-based filler for polymer is shifted towards the carbon fibre, carbon nanotube,
graphite and graphite nanoplatelet due to high increase in thermal conductivity with
minimum loading and at reasonable cost. Starting from the use of CB in polymer
for enhancing thermal conductivity and passing through graphite, it landed in the
era of carbon nanotube (CNT). From Table 3, it can be seen that the pristine CNT
beers high amount of thermal conductivity in between 2000 and 6000 W/mK and
use of it in polymer matrix people experienced composites with high thermal
conductivity compared to that of graphite and CB. A. T. Jhonson and the
co-workers introduced single-wall carbon nanotube (SWCNT) into the epoxy
matrix and measured the thermal conductivity behaviour [37]. Composites having
only 1 wt% SWCNT give 70% rise in thermal conductivity value at 40 K and it
raises up to 125% as the temperature reached to room temperature. They have
compared the enhancement of thermal conductivity value with the loading of
VGCF in the same matrix and have shown that at equal amount of loading, i.e. 1 wt
%, the rise in conductivity value for WCNT is 125% at room temperature where it
is only 40% for VGCF as given in Fig. 2. This information proves the superior
acceptability of SWCNT over VGCF as filler for polymer. Apart from room tem-
perature, a study throughout temperature range starting from 40 K to 300 K has
shown (give in Fig. 3) that SWCNT-epoxy composite shows a much higher con-
ductivity value at all temperature compared to VGCF-epoxy composites. Effect of
alignment of carbon nanotube has a significant role in increasing the thermal

Fig. 2 Enhancement in
thermal conductivity relative
to pristine epoxy as a function
of SWNT and VGCF loading.
Reproduce after permission
from [37]
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conductivity value compare to normally prepared composites. D. L. Eaton et al.
reported that thermal conductivity value rises up to 300% with 3 wt% loading of
SWCNT and it is further increased by 10% with the application of 25T magnetic
field [38]. This may be explained as follows with the application of magnetic field
SWCNT aligning themselves in a particular direction, which in turn helps in
improving the thermal conductivity value.

After the era of CNT, a new emerging field in polymer nanocomposites has
introduced with the synthesis of graphene. Although sufficient advancement in
various properties of polymer has been made by the CNT, there are many such
unresolved issues like tendency of agglomeration of nanotubes during the processing
along with the availability of high quality nanotubes because of high production cost
which made the researchers to think about the alternative. Graphene is one of the
most superior nanofillers with all-around properties for diversified application of
polymer–graphene nanocomposites and most interestingly the precursor of graphene
is naturally available graphite [30]. One atom thick two-dimensional layers of sp2

bonded carbon is known as graphene and it is predicted to have unusual range
properties having high thermal conductivity value. Yu et al. first introduced

Fig. 3 a Thermal
conductivity vs temperature
for the pristine epoxy and
epoxy with 1 wt% SWNT
loading. b Relative
enhancement in the thermal
conductivity vs temperature
for composites loaded with 1
wt% SWNT and VGCF.
Reproduce after permission
from [37]
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thermally reduced few layer graphene (TRGO also known as GNPn, where
n = number of layer stacked) in epoxy matrix and investigated the thermal con-
ductivity behaviours of the composites [28]. Thermal conductivity measurement has
shown that few layer graphene (where, n * 4) is a very efficient filler for epoxy
matrix. At the loading of*25 vol.% of GNP4, the increase in thermal conductivity is
nearly *3000% and conductivity value is 6.44 W/mK at room temperature as
shown in Fig. 4. This value of thermal conductivity is very much higher than
conventional filler at the same loading. The enhancement in thermal conductivity
value for GNP is very much higher than SWCNT at the same loading. The epoxy
composites prepared by 10 wt% SWCNT give the thermal conductivity value
k = 0.85 W/mK whereas, K = 1.49 W/mK for GNP.

Fukushima et al. [39] investigated the effect of the addition of GNP on different
thermoplastic to enhance thermal conductivity behaviour. They have shown that
incorporation of only 20 vol.% of GNP in Nylon 66 enhances in thermal con-
ductivity up to *3.6 W/mK from *0.4 W/mK and incorporation of the same
percentage of GNP increases the thermal conductivity up to *4.1 W/mK from
*0.35 W/mK. Chemically reduced graphene oxide (CRGO) improves the thermal
conductivity of polystyrene (PS) matrix up to 260% with the incorporation of only
2 wt% of it [40]. Hence, it can be seen that among the carbon filler for enhancing,
the thermal conductivity characteristics CNT and graphene are the most two
promising filler for next-generation applicability of thermal interference material
(TIM).

Fig. 4 Improvement of
thermal conductivity of
epoxy-based composites at
30 °C using CB graphite
microplatelates (GMP),
purified SWCNT, TRGO (at
200 and 800 °C). Reproduce
after permission from [39]
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3 Role of Different Parameter of Filler on Thermal
Conductivity Behaviour of Composites

3.1 Role of Size and Shape of Filler

As we have already seen that phonon transfer is the main mechanism of thermal
conductivity and for this to happen, mean free path of phonon transfer is the primary
requirement. A particular filler having larger length is thought to be possessed with
higher phonon mean free path than that of with lower length. The phonon mean free
path is found to be 500 nm for multiwall carbon nanotube (MWCNT) and it is even
larger for single-wall carbon nanotube (SWCNT) [41–43]. Thus, the shape and size
of the filler are key parameters for controlling the thermal conductivity. Carbon
fillers like CNT, carbon fibres, or carbon nanofibres are characterized by their aspect
ratio (i.e. ratio of length to diameter) and surface area but for carbon black, it is very
difficult to calculate their length and aspect ratio. Hence, it is expected that the
dependency diameter and the length of carbon black on thermal conductivity are
much less affected and thus it is less investigated. The layered structure filler, i.e.
graphite is also characterized by the length and aspect ratio. The dependency of these
two key parameters on thermal conductivity of polymer composites is discussed in
the following paragraph.

3.2 Role of Diameter

It is very interesting to note that the thermal conductivity (k) of CNT decreases with
the increase in diameter. As explained by Cao et al. [44], the thermal conductivity
of SWCNT at 300 K is inversely proportional to its diameter as shown in Fig. 5. It

Fig. 5 Thermal conductivity
of (n, 0) SWCNTs (n = 6–14)
at 300 K. Reproduce after
permission from [44]
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is seen that CNT with diameter n = 14 (this value of n is denoted by the number
unit vector, i.e. number of hexagonal unit at a particular direction and it is known as
chirality index) shows lower thermal conductivity value than with CNT having
diameter of n = 6. It may be explained by the decrease in group velocity of phonon
and most importantly due to umklapp scattering process. Umklapp scattering is the
unusual scattering phenomenon where due to the increase in phonon momentum,
the normal scattering process is hampered and as a result, the translation wave
vector to another Brillouin zone occurs.

At any given temperature, the chances of umklapp process are higher in
SWCNT’s with larger diameter than compared that one with smaller diameter. As
the umklapp scattering process and group velocity reduce the thermal conductivity
(k) in SWCNT with the increase in its diameter. Fujii et al. [45] nicely explained the
effect of diameter on the thermal conductivity behaviour in both SWCNT and
MWCNT. The thermal conductivity (k) of the CNTs having different diameters is
shown in Fig. 6.

The cross sectional is (Af ) of two different diameter is calculated by using the
following equation (1) Af ¼ pd20=4 and (2) Af ¼ p d20 � d2i

� �
=4, where d20 is the

outer diameter of CNT and d2i is the diameter of inner lumen. It is clearly under-
standable that with the decrease of the outer diameter, the thermal conductivity of
CNTs increases at room temperature. This variation in thermal conductivity with
variation in diameter indicates the interactions of phonon and electrons between
multiwalled layers affect the thermal conductivity of the CNTs. Hence, it can be
said that as the number of walls decreases, the thermal conductivity value increases.
Thus, it can be said an SWCNT always gives better thermal conductivity behaviour
than MWCNT.

Fig. 6 Thermal conductivity
of a single carbon nanotube of
different diameters.
Reproduce after permission
from [45]
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3.3 Role of Length

At a given temperature, here 300 K, the thermal conductance of filler say CNT with
length between 50 and 350 nm obeys the power law relation given below k.

r ¼ bL�c

where c = (1 − a) <1. Here the exponent a is more or less equal to 0.54 (a � 0.54)
for nanotubes of different diameters and the exponent c also is almost constant with
a value c � 0.46. The prefactor b has been found to be dependent linearly with the
chirality indices n along the circumference. The dependency of b on n is stated by
the following equation:

b ¼ 2ðn� 1Þ10�9

Now with utilizations of both the above equations, the thermal conductance of
SWCNT can be measured.

Alaghemandi et al. [46] have investigated vastly the effect of tube length of CNT
on thermal conductivity having different chirality index (n). They have shown that
all CNTs with different chirality index behave almost equally that is for all nan-
otubes, the thermal conductivity value increases with an increase in tube length.
The values of thermal conductivity of different chirality index (5, 5; 7, 7; 10, 10; 20,
20; 10, 0; 17, 0) are given in Table 4.

Hence, it can be said that with the increase in tube length the thermal conduc-
tivity of the CNT increases at particular temperature. Shigeo Maruyama [47] has
investigated the effect of tube length (from 6 to 404 nm) in different SWCNTs with
chirality index (5, 5 and 10, 10). The variation of thermal conductivity on tube
length is shown in Fig. 7.

It is quite interesting to note that the thermal conductivity of (10, 10) nanotube
was found to be almost constant with increase in tube length while the same for (5,
5) nanotube was found to be diverging with tube length at higher diameter value.
Between tube lengths 50–350 nm, it follows the power law equations as given
earlier but at higher length above 350 nm, the thermal conductivity is expected to
constant as it is getting higher than the mean free path of phonon.
Gharagozloo-Hubmann et al. [48] have compared the variation of thermal con-
ductivity of MWCNTs and Pyrograf carbon fibres with the variation of their length.
It can be easily said from Fig. 8 that throughout the entire length window MWCNT
gives better thermal conductivity value than carbon fibre. Most interestingly, for the
same volume fraction of carbon fibres, fibres with length 12 lm give 30% higher
thermal conductivity than with length of 2 lm. This result is true for MWCNTs also
and the slope of increment in thermal conductivity is always high for MWCNTs
than fibres at all tube length value.
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Fig. 7 Dependence of thermal conductivity on length of nanotubes for 300 K. Reproduce after
permission from [47]

Fig. 8 Effect of fibre length on thermal conductivity enhancement of MWCNTs and Pyrograf
fibres. Reproduce after permission from [48]
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3.4 Role of Surface Modifications

Surface modifications or functionalizations of nanofillers (e.g. CNT, graphite,
graphene) is an interesting approach to enhance their dispersion behaviour in
polymer matrix and as well as their interaction with it for successful preparation of
polymer nanaocomposites [49]. This process helps in improving several
physical-mechanical properties with concurrent rise in electrical and thermal con-
ductivity behaviours. Among all the functionalizations, process non-covalent pro-
cess is the most promising method as it improves the thermal conductivity
behaviours remarkably. Teng et al. [50] investigated the role of non-covalent
functionalizations of graphene nanosheets (GNSs) through functional segmented
poly(glycidyl methacrylate) containing localized pyrene groups (Py-PGMA) to
prepare graphene-epoxy composites for high thermal conductivity composites. The
p–p stacking of pyrene molecules with functional segmented polymer chain on
GNS surface facilitates both the dispersion of GNS in epoxy matrix as well as
improves the polymer–filler interactions. This interaction helps in improving
GNS-epoxy contact area which in turn effectively improved the thermal conduc-
tivity behaviours. Figure 9 shows the gradual increase in thermal conductivity
GNS-epoxy composites with an increase in GNS content and the rate of increase of
thermal conductivity is even greater than that of MWCNT-epoxy composites. This
can be explained in terms of surface area as GNS possess higher surface area than
MWCNT which effectively increase the epoxy-filler contact area, the thinner

Fig. 9 Thermal conductivity with various filler contents of MWCNTs/epoxy, graphene/epoxy,
and Py-PGMA–graphene. Reproduce after permission from [50]
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polymer layer on the GNS surface can improve the phonon transport process. But
the Py-PGMA/epoxy composites show the best thermal conductivity behaviour
which confirms the better polymer–filler interactions by the p–p stacking. The
thermal conductivity of Py-PGMA/epoxy composites is greater than GNS/epoxy
composites nearly by 16.4% at the same amount of filler loading of 1 phr and it is
much higher than MWCNT/epoxy composites. Song et al. [51] also prepared the
non-covalent modified graphene flakes (GFs)/epoxy composites and investigated
the thermal conductivity behaviour. They have prepared the functionalized GFs
(f-GFs) using 1-pyrenebutyric acid (PBA) that are highly soluble in various sol-
vents. Figure 10 depicts the thermal conductivity behaviour of various nano
fillers-epoxy composites with variation of filler content. The thermal conductivity of

Fig. 10 Thermal
conductivity of epoxy
nanocomposites with C/B,
graphite, MWNT, GO and f-
GFs. The highest value of
thermal conductivity is
1.53 W/mK at a 10 wt%
loading of f-GFs in epoxy.
Reproduce after permission
from [51]

Fig. 11 Thermal
conductivity plot for the
graphite–epoxy composite.
Reproduce after permission
from [52]
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f-GFs/epoxy composites at 10 wt% loading is nearly 1.53 W/mK and it much
higher than other nanaocomposites. Here also, the functionalizations improve the
polymer–filler interaction, dispersion behaviour of GFs in epoxy matrix which in
reality reduces the surface defects for better transport of phonon, which is the main
reason of the superior enhancement in thermal conductivity.

Ganguli et al. [52] have investigated the effect of chemical functionalizations of
graphite (silylated modified) on thermal conductivity behaviour of exfoliated-epoxy
composites. Figure 11 shows the comparison of thermal conductivity behaviour
between the pristine-graphite/epoxy and functionalized graphite/epoxy composites.
It is observed that at 20 wt% loading level, the thermal conductivity of function-
alized graphite/epoxy composites is 5.8 W/mK and it is nearly 35% greater than
pristine-graphite/epoxy composites. Basically, the functionalizations process
improves the polymer–filler interaction and improves the overall phonon transport
phenomenon by minimizing the interfacial phonon scattering compared to normal
graphite.

Formation of covalent bonds between the epoxy matrix and the graphite platelets
improve the compatibility due to chemical functionalizations which helps in
reducing the phonon scattering and ensure a steady phonon transport process which
is impossible in normal graphite-epoxy composites. Besides the so much
improvement, Gulotty et al. [53] have investigated the effect of carboxyilic
(–COOH) functionalizations of MWCNT and SWCNT on thermal conductivity
behaviour of epoxy nanocomposites with variation in temperature. Figure 12 shows
the thermal conductivity behaviour of neat epoxy and epoxy-based composites
prepared by functionalized and unfunctionalized SWCNT and MWCNT with
variation of temperature at a particular filler loading of 3 wt%. It can be seen that the
addition of SWCNT enhances the thermal conductivity of epoxy by several mag-
nitude but functionalizations of it decrease this behaviour throughout all temperature
window and this decreased value is almost equal to that of neat epoxy. Addition of

Fig. 12 Thermal
conductivity of the
epoxy-based
nanaocomposites with
functionalized and
unfunctionalized SWCNT and
MWCNT at 3 wt% loading
fraction. Reproduce after
permission from [53]
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the same amount of MWCNT also increases the thermal conductivity value but
functionalization of it does not bring out any changes in thermal conductivity value.
The reason behind this contradictory behaviour of these two types of CNT lies
between the presence of number of layers in MWCNT. Functionalization of CNT
creates some sidewall defects when it gets coupled with the matrix and its strongly
hinders the natural phonon transfer process along the length of SWCNT and as a
result, it affects the thermal conductivity behaviour to a great extent. But in case of
MWCNT due to the presence of multiple layer in spite of the infected outer layer by
the functionalization process, the inner layers take part (as it remains unaffected in
the functionalization process) in the phonon conduction process. Thus, in func-
tionalized MWCNT/epoxy nanocomposites, the thermal conductivity value does not
change so much compared to unfunctionalized MWCNT/epoxy composites.
Ma et al. [54] investigated the effect of different functionalization (amide or amine
functional groups) of CNT on their thermal conductivity behaviour of their polymer
composites. He has shown that functionalization does not increase the thermal
conductivity value rather it decreases with modifications. Hence in summary of this
part, we can conclude that the increase in thermal conductivity behaviour due to
functionalization is very much dependent on the type of filler and type of functional
groups that are being incorporated and mostly the interaction with polymer matrix
after their functionalization.

3.5 Role of Interface Resistance and Dispersion of Filler
in Matrix Polymer

Apart from all the previous factor which controls the thermal conductivity of
carbon-polymer composites, the dispersion of filler particles into the matrix and
their interfacial interaction also make significant contribution in controlling the
thermal conductivity of carbon-polymer composites. The interfacial resistance
seemed to be the bottleneck for preparing highly thermally conductive polymer
composites. Due to the low thermal conductivity of polymer, the heat transfer from
filler to polymer does not come out to an effective one for overall heat transfer.
According to the theory of thermal conduction, phonon transfer occurs through
preferably from filler particles. Hence, any alteration of this conduction path may
affect the thermal conductivity of the polymer composites. The phonon conduction
in material is controlled by scattering defects, i.e. scattering generated from the
interfacial boundary and it is proportional to the effective interface of filler towards
the matrix polymer. The higher will be the defect density lower will be its efficiency
as thermal conductor. Thus, interface of all the nanoparticles–polymer composites
plays an important in controlling the overall thermal conductivities. Gojny et al.
[55] have investigated the effect of this interfacial resistance by using different
CNT. As SWCNT possess highest diameter dependent specific surface area
(SAA) and thus it creates more scattering defects hence it acts as the lowest
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enhancement in thermal conductivity of the polymer composites followed by
DWCNT (intermediate SSA) and MWCNT (lowest SSA). This can be explained as
follows being a low SSA filler generally MWCNT creates low interfacial defects
and also being combined of multilayer, the interlayer of its responsible for con-
duction of phonon and thus it effectively enhance the thermal conductivity compare
to the other two CNTs i.e. SWCNT & DWCNT.

It is very difficult to predict any general rule that can explain the dependency of
thermal conductivity of polymer composites on filler dispersion. Because the dis-
persion behaviour of filler fully depends on the method of preparation of com-
posites. Sometimes, thermal conductivity of well disperse filler systems may be
lower than the agglomerated systems as the agglomerated regions may help in
better transport of phonon compare to the well-dispersed systems.

4 Overview of Different Model to Explain the Thermal
Conductivity Behaviour of Polymer Composites

As we have already discussed that thermal conductivity of carbon-polymer com-
posites finds a lot of interesting application and its theoretical model for calculation
of exact value is very much needed for better understanding of the fundamentals.
A lot of theoretical models has been proposed to find out the effective thermal
conductivity of polymer composites. For two-component composites systems
depending upon the direction of heat flow, it has been categorized in parallel and
series model composites. Parallel and series model give the upper and lower limit of
the effective thermal conductivity of the composites with the arrangement of filler
according to the heat flow.

For the simplest rule of mixture, i.e. parallel model or arithmetic mean model are
as follows:

kC ¼ /kf þð1� /Þkm ð4:1Þ

For the inverse rule of mixture, i.e. series model or harmonic mean model is as
follows:

1
kc

¼ /
kf

þ 1� /
km

ð4:2Þ

Apart from these, two another model namely geometric mean equations are
widely used and given as follows:

kc ¼ k/f � kð1�/Þ
m ð4:3Þ

where kc, kf , km are the thermal conductivities of composites, filler material and
polymer matrix respectively and / is the volume fraction of the filler [56].
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Agri and Uno [57] have converted Eqs. (4.1) and (4.2) to Eq. (4.4) as such that
when constant n = 1 or −1, it corresponds to Eqs. (4.1) or (4.2). The value of n is
smaller than +1 and larger than −1.

knc ¼ /:ðkfÞn � ð1� /Þ:ðkmÞn ð4:4Þ

Later they have modified the above equation on the contribution of filler particles
to the effective thermal conductivity and the state of dispersion as it seemed that the
filler particles contribute less compare to the matrix to bring significant changes in
thermal conductivity. Thus, they have replaced the constant (n) by constant (C2),
where C2 is the factor that takes care of the ease of forming conductive chain and its
value is smaller than 1 and greater than 0.

The more the tendency of the filler particles towards forming conductive net-
work more it will contribute to the effective thermal conductivity and the value of
C2 will be close to 1. It is also established that the filler particles affect the crys-
tallinity of the polymer matrix when it is inserted into it, hence they have introduced
another constant C1 and replace the k1 by C1 � k1. Now if the dispersion state of
filler is uniform throughout the matrix and n is assumed to be close to 0, and kn can
be transformed into ð1þ nÞ � log k.

Consequently Eq. (4.4) can be converted into the following equation:

log kc ¼ / � C2 � log kf þð1þ/Þ � logðC1 � kmÞ ð4:5Þ

Hence, Eq. (4.5) can be very useful to determine the thermal conductivity of the
composites while the dispersion state of filler is different for the same composite.

But above these models find limitations and do not give a well prediction of
thermal conductivity results as soon as the filler particles are randomly distributed
in the polymer matrix, i.e. they are not oriented either parallel or in series method
with respect to the heat flow.

Maxwell [56] first investigated to find out the effective thermal conductivities of
the randomly oriented fillers in a continuous polymer matrix. By using potential
theory and solving the Laplace equation, he proposed a model that can give the
more or less exact value of thermal conductivity of spherical fillers with
non-interacting behaviour in a continuous polymer matrix. Thus, the effective
thermal conductivity of the system is expressed as follows:

kc ¼ km
2km þ kf þ 2/ðkm � kfÞ
2km þ kf þ/ðkm � kfÞ ð4:6Þ

Bruggeman [58, 59] modified Maxwell’s model by using different assumptions
related to permeability and field strength and proposed a new model applicable for a
dilute suspension, i.e. lower amount of filler (<10 vol.%) in matrix of
non-interacting fillers dispersed in homogeneous matrix. Thus, new Bruggeman
model for derivation of the effective thermal conductivity is given as follows:
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1� / ¼ kf � kc
kf � km

km
kc

� �1=3

ð4:7Þ

Cheng and Vachon [60] have proposed another equation related to thermal
conductivity of polymer composites where kfikm is given as follows by the
equation (4.8).

1
kc

¼ 1� B
km

þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kkdðkf þBkdÞ

p � ln
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
km þBkd

p þB=2 � ffiffiffiffiffiffiffiffiffiffiffiffi
K � kd

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
km þBkd

p � B=2 � ffiffiffiffiffiffiffiffiffiffiffiffi
K � kd

p
� �

ð4:8Þ

where B ¼ ffiffiffiffiffiffiffiffiffiffiffi
3/=2

p
; K ¼ �4

ffiffiffiffiffiffiffiffiffiffiffi
2=3/

p
and kd ¼ kf � km.

Nielsen [61] modified the Halpin-Tsai [62] equation, which was based on the
determining of thermal conductivity of composites formed by the general rule of
mixtures, for a two-phase systems having spherical shaped dispersed particles.

k ¼ 1þAB/f

1� Bw/f
ð4:9Þ

A ¼ jE � 1 B ¼ k2=k1 � 1
k2=k1 þA

w ¼ 1þ /fð1� /mÞ
/2
m

where k1 and k2 are the thermal conductivity of continuous and dispersed phase,
respectively. The constant ‘A’ related to the shape of the dispersed particles and
how they are oriented with respect to the heat flow and it is linked with the Einstein
coefficient jE. The factor w is related to the maximum packing fraction /m of the
dispersed particles. This model finds very good applicability on an average low and
medium loading of filler (<20 vol.%) and covers wide range of particles shapes and
patterns but find limitations at higher loading of filler. In modifications of these
models, another empirical model was introduced by Agari and Uno [63] for
composites containing higher amount of filler. They have considered the effect of
conductive chain network formed by the filler particles on the higher thermal
conductivity of the composites and introduced new parameters given as follows:

kc ¼ km
2km þ kf þ 2/afðkm � kfÞ
2km þ kf � 2/afðkm � kfÞ þ/bf/

/�2=3
bf

bf C2/f ð4:10Þ

where /af is the volume fraction of fillers that are not contributing to the formation
of conductive network and /bf is the volume fraction of fillers that are contributing
to the formation of conductive network and C2 is the geometrical factor connected
to the observable conductivity with the random assembling of conductive chains.
As it is already discussed that this model is only applicable for higher loading of
fillers as the calculation of these tricky parameters is very difficult.

Till now, the empirical equation which we have described is mainly applicable
for spherical or oblong spherical shape of filler particles. But the fillers having an
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aspect ratio (i.e. carbon nano tube, CNT and short carbon fibre, SCF) need to be
explored, i.e. the dependency of this type of filler particles on the effective thermal
conductivity of polymer composites. In SCF, composites prepared by injection
moulding there are always the possibilities of having two type of orientation, i.e.
one is parallel and another is transverse to the direction of heat flow. It has been
investigated that [64–66] the Halpin-Tsai empirical equation can be used to explain
the thermal conductivities of the SCF reinforced polymer composites having uni-
directional orientation of fibre. For unidirectional orientation of filler, the thermal
conductivities in parallel direction (k1) and perpendicular direction (k2) are given
by the following equations:

k1 ¼ 1þ 2al1/f

1� l1/f
km ð4:11Þ

k2 ¼ 1þ 2l2/f

1� l2/f
km ð4:12Þ

where a ¼ L=df , and df is the fibre diameter. /f is the volume fraction of fibre and
km is the matrix thermal conductivity given in the equation of l1 and l2 as follows:

l1 ¼
kf1=km � 1
kf1=km þ 2a

ð4:13Þ

l2 ¼
kf2=km � 1
kf2=km þ 2

ð4:14Þ

where kf1 and kf2 are the thermal conductivity of the fibre in parallel and transverse
direction with respect to the fibre axis, respectively.

For randomly distributed CNT-polymer composites, the measurement of thermal
conductivity is a very difficult one for both the high as well as low loading of filler.
Deng et al. [67] have introduced new empirical method for obtaining thermal
conductivity of composites even at high loading of CNT so that interaction between
the particulates can be considered. For a CNT-polymer composites with randomly
oriented distribution and having length L and diameter, the effective thermal con-
ductivities of the composites can be represented as follows:

k
km

¼ 1þ /
3

1

kc22=km � 1
� ��1 þH

þ 2

kc11=km � 1
� ��1 þð1� HÞ=2

" #
ð4:15Þ

where / represents the volume fraction of CNT, and k11 and k22 represent the
transverse and axial thermal conductivities of the CNTs. km represents the thermal
conductivity of isotropic matrix and H denotes the influence of aspect ratio given in
the below, where p ¼ L=d.
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HðpÞ ¼ 1
p2 � 1

pffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 � 1

p lnðpþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp2 � 1Þ

p
� 1

" #
ð4:16Þ

The beauty of Eq. (4.15) lies in its capability of taking account of both the
thermal conductivity of the system in spite of the presence of anisotropy behaviour
of CNT through the two dimensionless parameter kc22=km and kc11=km and by
introducing the dimensionless factor H, which considers the aspect ratio part of
CNT, assumed to be all straight in length.

5 Summary

The diversified application of polymeric materials originated from its outstanding
all-round properties including superior processability, ease of handling, lightweight
and most importantly its low manufacturing cost in addition easy to mix with filler
or other polymers. But it finds some limitations due to its low electrical and thermal
conductivity. Various electrically and thermally conductive fillers are introduced
into polymers to make polymer–filler composites to overcome these limitations. It
is found that all the carbonaceous filler more or less improve the thermal con-
ductivity behaviours of polymer depending on their structure and phonon transfer
capabilities. It is observed that filler size, aspect ratio, its concentration, dispersion
capability, the presence of functional group in its surface and polymer–filler
interface affect the conductivity of the composites with great extent. The more
important parameter relating to phonon transfer (i.e. the mechanism of thermal
conductivity) is the length of their moving path. As the length of their moving path
increases, the thermal conductivity value increases. It is observed that for carbon
nanotube, those having higher length exhibiting higher thermal conductivity than
those nanotube having lower length. Different models based on the different filler
have been discussed elaborately to explain the thermal conductivity behaviour of
different composites having different filler geometry as one model is insufficient to
explain the behaviour of all composites. Based on the overview given here, the
thermal conductivity of spherical fillers in both high and low loading can be
determined in addition composites prepared by fillers having aspect ratio can also
be calculated by using particular equation discussed here.
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Electrical and Electronic Application
of Polymer–Carbon Composites

Sambhu Bhadra, Mostafizur Rahaman and P. Noorunnisa Khanam

Abstract Carbon, the most important element in the periodic table, has various
structures, such as carbon black, graphite, graphene, fullerenes, carbon nanotubes,
etc. These possess an excellent physical and chemical properties. As a result, they
can be used in numerous applications directly or using as a filler in the polymer
composite. In this chapter, the application of different carbon materials as specialized
fillers in the polymer composites has been discussed. This chapter includes the
discussion on various types of carbon fillers, their basic features, their composites
with polymers, percolation phenomena for electrically conductive composites and
finally electrical and electronic applications of polymer/carbon composites.
Applications of polymer/carbon composites in microelectronics, transparent con-
ductive coating and flexible conductors, displays, organic light-emitting diode
(OLED), electroluminescent device, photovoltaic device, sensor, actuator, electrode,
battery, capacitor, supercapacitor or ultra-capacitor, ESD and EMI shielding,
memory devices, field-effect transistor are discussed in details.
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1 Introduction

The most universal element in the periodic table is carbon. Carbon is bonded with
other elements/chemical compounds with sp, sp2, and sp3 hybridization to form
single (sigma bond) or multiple covalent bonds (pi bonds). Using the different
hybridization states, it forms multidimensional structures of substances, which is
responsible for its several physical and chemical properties [1]. The strongest
mechanical strength of C–C r bond and the creation of C–C p bond in carbon
allows this element to form many types of materials like natural and synthetic with
their different superior properties like electrical, mechanical, biological, etc. It can
be used as filler in different matrix to improve basic material properties [1].

1.1 Different Carbon-Based Materials Used in Polymer
Composites

Following are the main carbon materials used as filler for making carbon-reinforced
polymer composites

• Graphite
• Graphene
• Fullerenes
• Carbon nanotubes
• Carbon fibers
• Carbon black.

1.1.1 Graphite

Graphite is one of the widely used carbon materials. Crystal structure graphite is flat
equilateral (top right of Fig. 1) [2, 3]. In graphite, C–C bonds are sigma bonds with
sp2 hybridization. Sharing of electrons among the carbon atoms of graphite layer is
responsible for electrical properties like in metals.

Graphite is used as a precursor for the synthesis of diamond. It is used to
manufacture bearings, electrodes, seals, etc. It is also applied as filler in different
polymers-based composites. This is because it has excellent electrical, thermal, and
lubricating properties and hence is widely used in many industries [2, 3].

1.1.2 Graphene

Graphene (top left of Fig. 1), a lattice of carbon atoms with honeycomb structure is
nearly transparent, zero gap semi-conductor. It forms the basic structure of other
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carbon allotropes and is having many outstanding properties such as conduction of
electricity and heat, and if compared is about 100 times stronger than steel. It can be
manufactured either by top down or bottom up approach [4].

Top down approach: In this method micromechanical exfoliation of graphite is
possible either by ‘scotch tape’ or ‘peel-off’ method and this type of graphene oxide
reduction is solution-based reduction.

Bottom up approach: Chemical vapor deposition, epitaxial growth, decompo-
sition of ethylene on nickel surfaces.

Graphene can be used in different fields such as electrical, electronic, strong or
lightweight composites, energy storage, bio-engineering, filtration and photovoltaic,
etc. [5].

1.1.3 Fullerenes

Fullerenes are the molecules of a carbon atom family with contains of different
shapes like hollow sphere shapes, tube, or ellipsoid shapes. These are described as

Fig. 1 Graphene (top left) is a honeycomb, single-layer lattice of carbon atoms. Graphite (top
right) is a stack of graphene layers. Carbon nanotubes are rolled-up cylinders of graphene (bottom
left). Fullerenes (C60) are molecules consisting of wrapped graphene with pentagons on the
hexagonal lattice. Adopted from [4]
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“multi-walled cages” which are made of sp2 hybridized carbon atoms and arranged
into 12 pentagonal (n/2−10) and hexagonal walls wherein n � 20” (bottom right
of Fig. 1). Fullerenes can be of many types, such as standard, giant, egzohedral,
endo hedral, hetero and nano onion fullerenes.

The above types are the main models of fullerenes, they also have different
subgroups. [6].

Fullerenes and its derivatives have found great applications in biomedical field
such as design of X-Ray imaging contrast agents, high-performance MRI contrast
agents, photodynamic therapy, drug and gene delivery, etc.

1.1.4 Carbon Nanotubes (CNTs)

Carbon nanotubes belong to the fullerene structural family. Nanotubes having
cylindrical structure (bottom left of Fig. 1) are made by rolling a plane graphene.
There are three basic types of single-walled nanotubes classified based on direction
of rolling of graphene plane. They are

• zig zag
• chair
• chiral.

CNTs with diameters from 0.3 to 2.6 nm with larger diameters, which are
thermodynamically unstable. CNTs can be either single-walled (SWCNT) or
multi-walled Carbon nanotubes (MWCNT). These both CNTs possess good elec-
trical and heat conductivity properties. Based on the structure and purity nanotubes
may have semi-conductive properties to metallic conductivity [7].

Carbon nanotubes are given the application in the area of nanotechnology,
especially in electronics, optics and other fields of science and technology.

1.1.5 Carbon Fibers and Nanofibers

Carbon nanofibers are linear, non-continuous filaments that are different from
continuous, several micrometer diameter carbon fibers (Fig. 2). Generally, carbon
nanofibers can be prepared by various methods such as catalytic chemical vapor
deposition (CVD), electro-spinning, thermal treatment, etc. Carbon nanofibers have
high specific surface area, great strength, and flexibility that makes them to be used
as electrode materials for filler in carbon fiber reinforced plastic composites,
energy-storage devices, and bone tissue scaffold.

400 S. Bhadra et al.



1.1.6 Carbon Black

Carbon black materials are very important materials with black colored reinforcing
filler especially for thermosetting elastomers. These materials are in amorphous
form of coal, which normally contains of spherical particles of elemental carbon.
Size of these molecules is less than few dozen nanometers. Surface of the particles
may contain different chemical groups, such as hydroxyl, carbonyl, carboxylic, etc.
Particles form agglomerates with different shape and configuration. Several
agglomerates combined together to form aggregated structure. The structure and
surface characteristics of carbon black is shown in Fig. 3. Particle structure and
configurations are effect on properties of carbon black. This filler is mainly obtained
from incomplete combustion of carbonaceous materials. Carbon block is obtained
from coal, wood, natural gas, and hydrocarbons. Furnace method, lamp methods are
used for production and now plasma method is also widely used to produce the
carbon black. The main production methods for carbon black are furnace, lamp
methods and now more widely used plasma method. Carbon black is mainly used
as filler in composites, rubber components during rubber processing, in black
master batch, paints, and varnishes [8, 9].

1.1.7 Conductive Carbon Black

Carbon black is available in many types depending upon structure and properties.
Some carbon blacks are semi-conducting, some are highly conducting. The factors
which affect the electrical performance of carbon black and its compound are the
particle size, structure, and porosity of the carbon black.

Fig. 2 Carbon nanofiber.
Adopted from [247]
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High structure: High structure means formation of agglomerates with long and
branched chains. Carbon blacks with high structure exhibits high electrical
conductivity.

Small particle size: Carbon black with smaller particle exhibits higher electrical
conductivity. If the particles of carbon black are small and uniform in shape, their
surface area is larger which gives the higher electrical conductivity.

High porosity: Higher particle porosity gives the good electrical conductivity.

2 Polymer–Carbon Filler Composites

Composites are combination of different materials, which forms heterogeneous
substance structure, given the material with specific design, function, and provide
required properties. Composites mainly consists of matrix and reinforcement.
Polymer-based composites can be classified in different ways based on type of
polymers and fillers used. Classification of polymers is shown in Fig. 4. Polymer
can be either thermoplastic or thermoset. After curing, thermosets have well-bonded
three-dimensional molecular structure and they also decompose on heating instead
of melting unlike thermoplastics and as a result they cannot be recycled. Whereas,
thermoplastics are used as it is without crosslinking. They melt when heated. That is
why they can be reprocessed and reused.

Fig. 3 Structure of carbon black. Adopted from [248, 249]
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Classification of filler based on physical structure is shown in Fig. 5. Fillers can
be of fiber, whisker, flake, and particulate type. Fibers are very long, either often
circular or near circular with very high L/D. Particles have no particular shape and
orientation. But whiskers have specific shapes, which are small both in length and
diameter as compared to the fibers.

3 Electrically Conductive Polymer/Composites

Electrically conductive polymer systems can be divided in two types: (i) intrinsi-
cally conductive polymers which contain the delocalized pi electron system which
is responsible for the electrical conduction. These types of polymers are chemically
synthesized from appropriate monomer; and (ii) extrinsically conductive compos-
ites which are prepared by incorporation of conducting fillers into insulating
polymer matrix. Generally, extrinsically conductive composite systems are cheaper
than intrinsically conductive polymer systems. Besides this, the mechanical prop-
erties, electrical conductivity, and processability of extrinsically conductive com-
posites can be easily adjusted through the suitable selection of filler, polymer
matrix, and their relative proportion [10].

3.1 Percolation

Electrical conductivity of carbon filler based polymer composites depends on the
arrangement of conductive constituent in the polymer matrix which is insulating
material. Main objective of development of good conductive composite is to get an

Fig. 4 Classification of main polymers

Fig. 5 Different type of
fillers
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excellent conductivity with the minimum concentration of conductive filler in the
polymer matrix. In carbon filler filled polymer composite, the conductive filler
should be well dispersed which generates the interconnected network throughout
the polymer matrix. The electrical conductivity of such composite system depends
on the concentration, type, quality of contact, shape and size of the conductive
particles in the composite.

Percolation threshold is that minimum filler content in the polymer matrix after
which there is no significant change in the electrical properties of the composites.
Before percolation in polymer composites, conductive particles in insulating
polymer matrix remain isolated from each other and continuous conductive network
formed at the percolation. Therefore, due to transition state from insulating to
conducting state, there is an abrupt change in the conductivity of the composite
system. This effects on the conductivity which sharply increases at the percolation
threshold. The electrical conductivity of the composite significantly not only
increases with further increment of the concentration of the conducting filler beyond
the percolation limit. The possible situation which may arise with increasing filler
concentration can be explained as follows. Conductive fillers can be considered as
small metal wires. By addition of enough conductive filler which is called perco-
lated quantity in an insulating polymer matrix as if all small wires are connected
and form continuous wires. Before the percolation in composites, these metal wires
are not continuous and as a result net conductivity is very less. There is only
increase in the number of conductive chains only after the percolation, just like
increase in the diameter of metal wire, which relatively increase (small increment)

Fig. 6 Different types of network structure formation with increasing concentration of the
conducting fillers, carbon black (CB), carbon fiber (CF), carbon nanotube (CNT); (1) before
percolation, (2) at percolation, (3) above percolation and variation of conductivity of the
composites because of the formation of network structure. Adopted from [10]
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the electrical conductivity of the composites (Fig. 6). Hence, a sharp increase in
electrical conductivity is observed in polymer composite only at the percolation
threshold [10].

4 Electrical and Electronic Applications of Carbon Filler
Filled Polymer Composites

In polymer matrix composite (PMC), nano- and micro-sized carbon fillers,
including carbon fibers (CFs), graphene nanoplatelets (GNPs), and carbon nan-
otubes (especially MWCNTs) have been incorporated into the polymers to develop
the properties of the polymer composites which can be used as multifunctional
materials [11]. The most-used carbon-based reinforcing fillers are MWCNTs,
GNPs, and CFs due to their superior thermal, electrical, and mechanical properties.
Carbon filler based reinforced polymer composites have different superior proper-
ties, such as low density and are able to be compression molded or injection molded
into complex shapes, lightweight, high thermal conductivity, high strength, good
manufacturability, and increased reliability, etc. Because of good mechanical
properties and thermal conductivity, these carbon-based composites are gaining
popularity in different fields, such as aerospace, microelectronics industries, and
automotive for electronic packaging and thermal management applications [11–13].

There are numerous electrical and electronic applications of carbon-filled
polymer composites. Few specific applications are in microelectronics, transparent
conductive coating, flexible conductors, displays, organic light-emitting diode
(OLED), electroluminescent device, photovoltaic device, sensor, actuator, elec-
trode, battery, capacitor, supercapacitor or ultra-capacitor, ESD, EMI shielding,
memory devices, field-effect transistor, etc. Application of carbon-filled polymer
composites in those fields is detailed in the following sections.

4.1 Microelectronics

Microelectronics is very small electronic designs and components, typically made
from semi-conductor materials. Example of such devices includes transistors,
capacitors, inductors, resistors, diodes, etc. A schematic of a microelectronic device
is shown in Fig. 7. The applications of carbon filler filled polymer composites in
microelectronics include integrated circuit, printed circuit board, interconnections,
die attach, solder, lids/enclosure, heat sinks, connectors, electrical contacts, and
thermal interface materials, etc.

Materials with high thermal conductivity (to improve heat dissipation) and low
thermal expansion are required for their application in heat sink, lids, and die attach
of microelectronic devices. For this reason, polymer and metal matrix based
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composites have been developed. Low density of carbon filler filled polymer
composites is helpful to reduce the weight of the product and easier processability
enables them attractive for end application. Carbon-filled composites are also
cheaper than metals such as silver when used for interconnection. Moreover, metals
are more prone to oxidation resulting decrease in electrical conductivity over a
period of time. That is why, carbon fillers filled polymer composite are used for
thermal management and electronic packaging, such as heat sink, enclosures, die
attach, conducting adhesive, electrical interconnections and, thermal interface
materials. Polymer can be either thermoplastic or thermoset. Thermoplastic matri-
ces have the advantages of reworking or repairing by heating. On the other hand,
thermosetting matrices are not allowed to reworking but are thermally more stable
than thermoplastics.

4.2 Integrated Circuit

These integrated circuit chips are attached to the substrate or printed circuit board
on where the interconnection lines are written on multilayer substrate (each layer)
or board. Another involving multilayer of thinner layer conductors and interlayer
dielectrics are applied to the substrate before the chip attachment to increase the
interconnection density. Soldered joints connect among electrical contract pads on
the chip, board, or substrate. The board or substrate is attached to the heat sink.
Thermal interface material is placed between the substrate or board to improve the
quality of the thermal contact of the heat sink. The whole group of materials and
other things are placed in a thermally conducting housing.

Fig. 7 A typical design of a microelectronic device. Adopted from [250]
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Nano-filler including carbon nano-filler-based smart polymer composites were
prepared for their application in integrated circuit [14, 15].

Nanostructured composites of polyvinylidine fluoride (PVDF) matrix based
composites which contains of aluminum nitride (AlN) and exfoliated graphene
nanoplatelets (xGNP) nanoparticles and these composites were prepared for inte-
grated circuit or 3D electronic packaging applications. Addition of GNP-exhibited
significance improvement in electrical and thermal conductivity [16].

4.3 Printed Circuit Board

Printed circuit board is a sheet which contains of chips and these chips are attached
in the board. Generally, this board is a polymer or ceramics matrix composites
which is electrically insulating materials with four conductor lines. Polymers have
lower thermal conductivity than ceramics, whereas ceramics have higher dielectric
constant than polymers. High thermal conductivity is required for heat dissipation
and lower dielectric constant is important for a smaller capacitive effect resulting
smaller signal delay.

A base film which is prepared for flexible printed circuit boards is made with
polymer matrix composites which are embedded with carbon nanotube bundles.
Nanotube bindles are spaced apart from each other and first and second surface
contains of flexible polymer. Because of higher thermal conductivity of carbon
nanotubes, heat can be performed to the printed circuit board through the first
surface to the second surface of base film [17].

4.4 Interconnection

An interconnection is a conductor line thick film with thickness of >1 µm for
power, signal transmission, or ground. This interconnection can be on a chip, a
substrate, or a printed circuit boards. Thick film conductor pastes containing silver/
copper particle as a conductor and a glass frit as a binder are extensively used to
make thick film conductor lines or for interconnections on substrate by screen
printing and subsequent firing. These films have lower electrical conductivity
because of glass present as binding agent and development of porosity in the film
due to firing. Metals used as conductor get oxidized over a period of time. Huge
mismatch of coefficient of thermal expansion (CTE) with silicon causes the
thermo-mechanical stress which finally decreases the reliability of the devices. Best
composite materials are required for future downscaling, where they are overcome
these present limitations and also required for compatibility. Carbon nano-fillers are
favorable materials with superior thermal, mechanical, and properties and these are
suitable for electronic packaging applications either as fillers in polymer composites
or as in pure forms.
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4.5 Die Attach

A die attach is used to join a die (a chip) to a substrate, which is normally a
material. A metal alloy (a solder paste), a glass or a polymeric adhesive can be used
as die attach materials. B-stage polymer films are one of the most widely used
adhesive films in electronic packaging applications such as anisotropic conductive
films, die attach films, thermal interface materials for electronic packaging [18].

4.6 Solder Joints

A solder enhances heat dissipation. It has to have high thermal conductivity to
enable heat dissipation. A polymer–metal paste can be used as solder material,
where polymer acts as a binder and metal power, such as silver acts as a thermal
conductor. However, due to high cost of silver and its tendency for oxidation, it can
be replaced with carbon fillers.

Nai et al. [from the National University of Singapore] investigated the effect of
nanotube concentration on electrical resistivity and shear strength. There was not
significant improvement in electrical conductivity but noticeable increase in shear
strength with increasing nanotube concentration. This work proved that improve-
ment in mechanical and thermal properties can be achieved without effects on
electrical properties for polymer-nanotube composites [19].

A CNT-solder composite paste comprising solder powder and 30–40% (volume
fraction) CNTs was developed to provide high electrical conductivity and applied to
at least one of a die or a package substrate [20].

Epoxy-based conductive adhesives were developed by filled with MWCNTs
[21]. CNPs were dispersed in epoxy by using Ultrasonic mixing process for dis-
perse them more uniformly and also to make them contact better, resulting in higher
electrical conductivity. Increment of CNT loading decreased the volume resistivity
and contact resistance of the conductive adhesive. The percolation threshold was
observed at 3 wt% loading of MWCNTs. The average contact resistance was
similar with solder joints even at high frequency. Moreover, a high mechanical
strength was constant even by replacing the metal particle containing fillers with
CNTS in the conductive adhesive. For example, 0.8 wt% of CNT content in
polymer matrix retained the 80% of shear strength, while less than 28% of the shear
strength was retained with common metal based filled conductive adhesive.

Effect of addition of various loading of CNTs in silver-filled conductive adhesive
on electrical conductivity was reported [22]. CNT loading greatly increases the
electrical conductivity of conductive adhesive with the silver loading below per-
colation threshold. Resistivity of 66.5 wt% silver-filled conductive adhesive with-
out CNT loading had 104 X cm whereas 104 X cm of resistivity was shown for
adding of 0.27 wt% CNT. Therefore, it s concludes that equal level of electrical
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conductivity is achieved with the addition of small quantity of CNT to replacing the
conventional silver metal filler.

Polymer composites containing a polymer matrix, a graphene, and metal parti-
cles were developed to use it as a lead-free solder material. Metal particles and the
graphene together in the polymer matrix reduced the electrical percolation thresh-
old. [23].

Epoxy-based solderable conductive adhesive (ICA) was developed with func-
tionalized graphene. Properties of this ICA were compared with three kinds of
conventional ICAs, which were filled with Ag particles. Great metallurgical net-
work interconnection formed between upper and lower electrode with the func-
tionalized graphene-filled solderable ICA. The functionalized graphene-filled ICA
exhibited higher mechanical strength and electrical conductivity compared with the
conventional ICAs. Moreover, addition of functionalized graphene caused the
improvement of thermal conductivity by 20% than solderable ICA without gra-
phene [24].

4.7 Heat Sink

Slow dissipation of heat from microelectronics causes the reduction of its perfor-
mance and early damage because of thermal stress, joint failure, and warpage of the
chip. For these reasons, thermal management is very important in the field of
microelectronics. Heat sink is a thermal conductor which is bonded to printed
circuit boards, that serves as conductor and radiator which makes the heat away
from the circuit. Carbon fibers are mostly used in heat sink and lid/enclosure due to
good conductivity and reinforcement and low thermal expansion [25–29].

For heat sunk applications, thermal conductivity of the polymer composites
needed around 1–30 W K−1 m−1. Pure polymer thermal conductivity can be
improved by the addition of thermally conductive fillers such as graphite, graphene,
carbon nanotubes, carbon fibers, carbon black, ceramic, or metal particles. Typical
thermal conductivity of these fillers is presented in Table 1 [30].

Boron nitride (BN) was added in polyamide 6 and graphite was added in
polyphenylene sulfide (PPS) to develop composites for the application of heat sink.

Table 1 Thermal conductivities of some conductive fillers

Material Thermal conductivity at 25 °C (W K−1 m−1)

Graphite 100–400 (on plane)

Carbon black 6–174

Carbon nanotube 2000–6000

Carbon fiber 8–100

Copper 483

Silver 450
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The influence of composition and size of the filler on mechanical and thermal
properties of these polymer composites were studied. The addition of thermally
conductive fillers, such as graphite and BN rise to increase the thermal conductivity
about two times of the respective polymer composites. In PPS/graphite composite
system, smaller sized graphite particles are more effective to elevate the conduc-
tivity of the composites. This thermally conductive composite was developed for
their application as heat sink [31].

MWCNTs, graphite fibers, and BN platelets were used as fillers in epoxy matrix
to develop conductive nanocomposites. Composite containing MWCNTs produced
by chemical vapor deposition were exhibited better thermal diffusivity than that of
MWCNTs composites which were produced by the combustion method.
Nanocomposites based on boron nitride filled epoxy exhibited the highest thermal
conductivity among all the composites mentioned above [32]. These composites
can be used as heat sink.

4.8 Lid/Enclosure

Generally, a lid is a cover for a chip which protests physically and normally chip is
mounted in a well in a substrates and lid covers the well. A metal is preferred for
making the lid because of heat dissipation which is joined with the substrate by
soldering.

For avionic electronic enclosure, lightweight is essential to save aircraft fuel.
Carbon fiber reinforced epoxy composite has been developed because of its good
mechanical, environmental, and electrical properties with reduced weight, cost, and
ease of manufacturing [33]. Carbon fiber based polymer composites having high
strength, modulus, high thermal conductivity, and low density which are promising
for the thermal management of satellites [34].

4.9 Thermal Interface Material

Graphene is one of the most efficient fillers for thermal interface materials [35].
Exfoliated graphene-filled (10–15 vol.%) polymer composites were prepared,
which exhibited very high thermal conductivity. As a thermal interface material, it
outperformed those with carbon nanotubes or metal nanoparticles. This is because
of higher aspect ratio and lower resistance at the graphene–polymer interface [36].
Generally, epoxy resins have poor thermal conductivity and electrically conductive
or insulate materials should be introduced into the epoxy to enhance the thermal
conductivity. Significant improvement in thermal conductivity of epoxy can be
achieved with the addition of graphene into epoxy. Four times of thermal con-
ductivity increased with the addition of 5 wt% of GO in GO-filled epoxy
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composites [37, 38]. This is the reason to say that graphene material is suitable as
thermal interface materials for heat dissipation.

Aligned graphene sheet-polymer composite was prepared for thermal interface
material. A mixture was prepared with the dispersed graphene sheets in the polymer
fluid. The graphene filament bundles substantially paralleled to each other are
formed by a sequence of aligned graphene sheets in the polymer fluids when a field
was applied. Finally, the mixture was solidified. An anisotropic index in a range of
1.00–2.00 was obtained in an aligned graphene sheet-polymer composite by cal-
culating the ratio of the coefficient of thermal conductivity in a parallel direction
and also the one in perpendicular direction [39].

Thermal interface materials comprising graphene fillers as conducting filler with
or without other metallic fillers in a polymer matrix (epoxy) were prepared. At least
150% of the thermal conductivity increased for the polymer matrix in polymer
nanocomposites [40].

School of Chemical and Process Engineering, University of Leeds developed
several carbon filler filled polymer composites for the application of thermal
interface materials [41].

Marion et al. made thermal interface material from metal (Cu, Sn) decorated
MWCNTs and Vinnapas® BP 600 polymer. The sample was functionalized by
nitric acid (HNO3) treatment (mid oxidation) or, with N-Methly-2-Pyrrolidone
(NMP). There was significant improvement in thermal conductivity while retaining
mechanical properties of the polymer [42].

Thermal interface materials were prepared comprising polystyrene (PS) and
polybutene as polymer matrix and graphite, graphene, and carbon nanotubes as
conducting filler [43].

4.10 Electrically Conductive Adhesives

These types of conductive adhesives gave applications in electronic packaging such
as solder-less interconnections, die attachment, display interconnections, compo-
nent repair, and heat dissipation.

Heimann et al. [44] developed the epoxy adhesives filled with CNTs polymer
composites and these composites were tested for possible electronics packaging
applications. Thermal conductivity of these composites was increased by nearly 4.4
percentage with CNTs in the matrix than the composite without CNTs. CNTs also
improved the mechanical properties of the composites. In the same study,
researchers modified the nanotubes by chemically modification for getting better
dispersion, which gives the additional advantage to improve the mechanical per-
formance [44]. Same group researchers develop the CNT-filled- (3 wt%) and
Ag-filled (82 wt%) adhesive composites. There was an increase in stiffness by 75%
for the CNT-filled adhesive compared to that of Ag-filled adhesive with a signifi-
cant improvement in thermal characteristics [45]. Isotropically conductive adhe-
sives (ICAs) were prepared by using CNTs as filler in epoxy matrix and different
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concentrations of MWCNTs were used in these composites. Thermal, impact and
conductivity properties were studied for these epoxy composites and found improve
properties with very lower filler loading of ICA [46].

Adhesive resins were filled with carbon fibers of variable lengths and widths.
The fiber-filled adhesive exhibited high thermal conductivity. Electronic systems
having components bonded by a layer of these adhesives resins have high
through-the-thickness thermal conductivity [47].

4.11 Transparent Conductive Coatings/Flexible Conductors

Generally transparent conducting films (TCFs) are electrically conductive and
optically transparent in nature. TCFs have applications in electrically conductive
coating, photovoltaic, smart windows, etc. To give the TCFs in photovoltaic
applications, these must be fabricated mainly from ITO and zinc oxide. These are
brittle and may break easily. Organic films using carbon nanotube networks and
graphene have been developed, which are highly conductive and transparent [48].

Carbon nanotubes (CNTs) have attracted to researchers because of their excel-
lent properties such as high tensile strength (*13–53 GPa), high elastic modulus
(*1–2 TPa), and a high electrical conductivity (theoretically metallic tubes can
carry an electrical current density of 4 � 109 Acm−2, which is *1000 times higher
than for other metals such as copper) [49]. Because of good electrical properties,
thin films of CNT have been used in transparent electrodes in TCFs.

Transparent, flexible and conducting composites film was prepared with poly
(methyl methacrylate) (PMMA) by using SOCl2 which is doped with single-walled
carbon nanotubes (SWCNTs). The electrical conductivity of the SOCl2-doped
SWCNT-filled composite was five times higher compared to that of un-doped
SWCNT-filled composite. SWCNT loaded composite with 0.1 wt% showed the
optical transmittance of visible light at 500 nm with 92% and at 0.5 wt% of
SWCNT loading showed [50].

SWCNTs were deposited on a transparent substrate. It was used to grow a thin
film of polypyrrole (PPy) or polyaniline (PANI) by electrochemical polymerization.
The resulting hetero-structure was sufficiently transparent and electrically conduc-
tive to be used in practical applications [51].

Polyimide nanocomposites with SWCNT were synthesized by using in situ
polymerization method. The resultant well-dispersed SWCNT–polyimide nano-
composite films were optically transparent with good electrically conductivity [52].

SWCNTs reinforced Poly(3,4-ethylenedioxythiophene) (PEDOT), poly(styre-
nesulfonate) (PSS) composite thin films were prepared which have transparent in
nature, flexible, and high conductivity.

The films exhibited high optical uniformity and conductivity. DC conductivity
was >105 S cm−1 for >50 wt% of SWCNT [53].
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PEDOT/sulphonated graphene composite were prepared by in situ polymeriza-
tion method and these composites showed excellent electrical conductivity, high
thermal stability, transparency, good flexibility. These composites were easily
processable in both organic and aqueous and solvents [54].

4.12 Display

An electronic visual display performs as a video display for presentation of images
transmitted electronically. Common examples of electronic visual displays are
television, computer monitors, mobile, etc. Display system can be of mainly two
types; (i) light-emitting diodes (LED) and (ii) liquid crystal display (LCD). LED is
a two-lead semi-conductor light source, which emits light because of electrolumi-
nescent effect when activated by the application of suitable voltage. The color of the
light is determined by the energy band gap of the semi-conductor. A LCD utilizes
properties of liquid crystals such as the light modulating properties. The LCD has
different advantages which has low power consumption than the LED [55, 56].

A liquid crystal cell contains of about 10 lm thin layer of a liquid crystal which
is kept between two sheets of glass. Two electrodes which were transparent are
deposited on the inside faces of the glass sheets and a reflective mirror is setup in
the back side. Indium tin oxide (ITO) contains electrode plane kept on top and at
polarizing film with a glass were kept at the bottom side. The whole part of the
LCD is covered with common electrode and above area is placed with liquid crystal
substance. An additional rectangle part of glass with an electrode is kept on the
bottom. Another polarizing film is placed on top. In the absence of current light
passes via sfront of the LCD which is reflected by the mirror and it bounced back.
An electrode is connected to a temporary battery and the current causes the liquid
crystals between the common-plane electrode and the rectangle-shaped electrode to
untwist. Hence the light is blocked by passing through causing the rectangular area
blank [57]. The construction of typical LCD is shown in Fig. 8.

High transparency (T) and Low sheet resistance Rs are required for materials
which are given applications in optoelectronic devices such as, light-emitting
diodes, touch-screens, displays, and solar cells. Mostly ITO can be used as trans-
parent conductive (TC) material for flexible transparent optoelectronic devices. But
this ITO has some disadvantages like high cost, brittle, difficult to pattern and
sensitive to both acidic and basic environments. Therefore, development of new
low cost, flexible, transparent, easily processable TC materials with improved
performance is required. SWCNTs and graphene also show great promise as a
transparent TC material.

San et al. dispersed fullerene, graphene, single- and multi-walled carbon nan-
otube in liquid crystal to enhance its properties. Fullerene is found to be the best
compatible material for optical aims [58]. Qi et al. highlighted the effect of carbon
nanotubes on current and future generation’s liquid crystal displays [59].
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4.13 Organic Light-Emitting Diode (OLED)

An organic light-emitting diode (OLED) is a light-emitting diode (LED), in which
an organic emissive electroluminescent layer is applied, which emits light when
electric current is applied. A typical OLED consists of an organic materials layer
which is placed between two electrodes (anode and cathode). All the materials are
deposited on an electrically conductive transparent substrate, such as ITO. OLEDs
have attracted attention in recent years as next-generation lighting and displays
because of their excellent performance, good flexibility, ease of fabrication, etc.
Further scope of improvement of OLED devices may include increasing flexibility,
reducing cost, improving performance. This can be done by replacing the con-
ventional ITO with better alternative transparent conducting electrodes (TCEs) [60].

Typical construction of an OLED is shown in Fig. 9. It consists of transparent
anode, glass substrate, hole-injection layer, electron transport layer, organic emit-
ters, and metal cathode. The charges are starting to move in the device by applying
voltage to the electrodes under the influence of the electric field. Electrons leave the
cathode and holes move in opposite direction from the anode. Creation of a photon
is possible with the recombination of this charges with a frequency given by the
energy gap (E = hm) between the LUMO and HOMO levels of the emitting

Fig. 8 Structure of a typical LCD. Adopted from [57]
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molecules. Thus, the electrical power applied to the electrodes is transformed into
light [61].

Graphene has of 4.5 eV work function, which is similar to ITO with flexibility
and low cost material making it an ideal candidate as OLED anode.
Graphene-based polymer composites have been used in OLED and field emission
devices because of high electrical conductivity, high carrier mobility and moder-
ately high optical transmittance in the visible range of spectrum. [62, 63].

Polymer composite which is made with poly(m-phenylene vinylene-co-2,5-
dioctoxy-p-phenylene) (PmPV) and SWCNTs were used in Organic light-emitting
diodes and in this composite SWCNTs were well dispersed in the polymer. This
device is fabricated with up to 0.1 wt% SWCNT, results showed that oscillator
strength increases of the green emission with a dominant emission peak near
500 nm. The shift in the emission indicates that the SWCNTs in the PmPV matrix
act as a hole-blocking material [64].

SWCNT film was deposited on poly(ethyleneterephthalate) substrate and used as
flexible, transparent anode for OLED. The operational lifetime of the device was
comparable with ITO/PET anode [65].

Electrodes with SWCNT-polymer composite as both the electron and
hole-injection electrodes are used to prepare Polymer light-emitting devices. The
prepared devices were metal-free and linearly stretchable up to 45%. This is a good
example of highly stretchable semi-conductor light-emitting device [66].

PS was coated on top of a CNT/PEDOT:PSS composite film, soaked in HNO3

acid and then encapsulated with polymer. This transparent conductive composite
was used as anode for OLED. It exhibited maximum lamination of*9000 Cd m−2,
and efficiency of *10 Cd A-1, which is very close to ITO-based OLED device
performance. 30–450 times better performance is achieved with devices in which
CNT anodes were using if we compare with devices [67].

Fig. 9 Typical construction
of an OLED. Adopted from
[61]
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Poly 9,9-dioctyl fluorene-alt-bithiophene and reduced graphene oxide were used
as an emissive layer to prepared Polymer light-emitting diode. Reduced graphene
oxide (rGO2) was synthesized by repeating two times Hummers oxidation followed
by hydrazine hydrate reduction method. The rGO2 thus produced had more uniform
distribution in size and thickness with increased crystallite size. This increased in
in-plane crystallite size and high localize aromatic confinement of rGO2 causes
favorable shift in balance of electron and hole recombination zone toward the center
of emissive layer. LED device comprising rGO2-based nanocomposite exhibited
five times increase in maximum device efficiency (Cd A−1) and three times increase
in maximum brightness (Cd m−2) compared to that of neat polymer [68].

To improve the wettability on PEDOT:PSS composite electrode, modification of
hydrophobic graphene on PET substrate is possible by using interface engineering.
It exhibited high optical transmittance, low sheet resistance, and high work func-
tion. The resulting device exhibited excellent flexibility and good electrolumines-
cence emission [69].

Graphene oxides was synthesized and then different concentrations of graphene
oxide was mixed with PEDOT:PSS polymer solution. Reduction of graphene was
done in the PEDOT:PSS composite through heat treatment. This composite with
particular doping concentration was used as a hole injection for the fabrication of
PLED devices. Device performance was studied by using different device proper-
ties such as influence of doping concentration. It was found that the resistance in the
hole-injection layer and the turn-on voltage were effectively decreased by the
doping of graphene which gives the higher overall efficiency. Increasing concen-
tration of doping increases the conductivity of the hole injection. The optimal
doping concentration was found to be 0.03 wt% [70].

4.14 Electroluminescent Device

Electroluminescence (EL) is an opto-electrical property in which a material emits
light in response to a strong electric field or an electric current. It is the result of
recombination and radiative of holes and electrons in a material, generally this is a
semi-conductor. Energy is released in photon form from excited electrons. Prior to
recombination and also to form a p-n junction (in semi-conductor electrolumines-
cent devices such as LED), doping can be separated by the electrons and holes or
through excitation with high-energy electrons which is accelerated by a strong
electric field (as with the phosphors in electroluminescent displays) [71].

In recent years, photo-induced electron transfer between semi-conducting con-
jugated polymers and SWCNTs filler has attracted to researchers. Electroluminescent
properties (EL) of SWCNT-polymer composites have also been studied. EL and
photovoltaic (PV) response were improved with doping of SWCNTs into poly
[2-methoxy-5-(2′-ethylhexyloxy)-1, 4-phenylenevinylene] (MEH-PPV) type conju-
gated polymer based on single-layer light-emitting diodes [72].
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CNT/PEDOT:PSS textile-based conducting composites were developed with
transparent PET mesh fabrics which were dip and coated with CNT followed by
inkjet printed with PEDOT:PSS. These coated fabrics exhibited good transparency,
conductivity, and flexibility which is suitable for flexible displays applications. EL
devices exhibit superior flexibility which were prepared with textile-based CNT/
PEDOT:PSS composite conductors as the front electrodes under stretching and
bending compared to that of ITO-coated PET film-based electrodes [73].

4.15 Photovoltaic Device

Photovoltaic (PV) device converts the solar energy into electricity by using
semi-conducting materials which shows the photovoltaic effect.

A photovoltaic system, which is solar panels are made with number of solar cells
to create electricity from solar energy [74]. P-type and N-type semi-conductors with
different electrical properties and joined together were used in the making of
photovoltaic cell. P-N junction refers as the joints between these two
semi-conductors. Sunlight which consists of some particles of solar energy is called
photons and these hotons are reflected, absorbed, or transmitted by the PV when a
PV cell is exposed to the sunlight. Electrons are getting excited and freed from the
negative semi-conductor material when the enough photons are absorbed by the
negative layer of the photovoltaic cell. Electrons which were freed were migrated to
the positive layer thus creating the voltage differential. The electrons (−) is collected
in the N-type semi-conductor, and the holes (+) in the P-type semi-conductor.
Electricity flows in the cell when electric bulb or an electric motor types of an
external load is connected between the front and back electrodes [75]. Basic
working principle of a photovoltaic device is shown in Fig. 10.

Fig. 10 Working principle of
PV. Adopted from [75]
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Silicon based solar cells are the first-generation solar cells having very high
efficiency (*25%) of converting solar energy to electrical energy. However, this
type of solar cells has high weight and is very expensive. The second-generation
solar cells comprise of amorphous Si, cadmium-telluride (CdTe), gallium-arsenide
(GaAs), copper–indium–gallium–selenide (CIGS), copper–indium–selenide (CIS),
etc. These are having lighter weight and lower cost, but the conversion efficiency is
also lower (<15%) with lower stability and increased toxicity. Dye-sensitized
hybrid solar cells and organic photovoltaic (OPV) are the third-generation solar
cells with lightweight, flexible, low fabrication cost, ease of fabrication but the low
conversion efficiency (<6%). Reason for low efficiency of OPV is less absorption of
light (more reflection, scattering, and transmission and high band energy of poly-
mer), recombination, and junction loss. OPV consists of a bi-layer or multilayer or
bulk organic semi-conducting (p-type and n-type) sandwiched polymers which are
sandwiched between two metal contacts. OPV can be (i) bi-layer, where N-type and
P-type semi-conductors are placed layer-by-layer or (ii) bulk, where N-type and
P-type semi-conductors are mixed together. Fullerene makes them the best acceptor
component for OPV due to its high electron affinity and superior ability to transport
charge [74].

Casting of semi-conducting polymer layer which is containing an inorganic
material is other procedure to make a heterojunction OPV. In literature, many types
of inorganic material reinforced polymer combinations as heterojunction OPVs
have been investigated. Until now, MEH-PPV and soluble fullerene derivatives
given the most efficient such bulk heterojunction OPVs. [76].

N-(1-pyrenyl)maleimide (PM) absorbs strongly in the peak green region of the
solar spectrum. SWCNTs were functionalized with PM and PM-functionalized
SWCNTs are blended into the semi-conducting polymer poly(3-octylthiophene)
(P3OT) to form organic photovoltaic cells. Because of PM functionalization, the
interaction between SWCNT and P3OT was improved resulting 30 times
improvement in short circuit current under AM 1.5 lights [77].

OPV based on SWCNTs-polymer composites with PPV [78], MEH-PPV [79],
P3HT [80, 81], P3OT [82] have also been developed.

Bulk heterojunctions of b-carotene/C60 and MEH-PPV/C60 through
Photo-induced electron transfer was reported in literature before 20 years ago [83],
where they used the fullerenes as acceptors. By combination of these both ideas,
C60 is used as electron acceptor and the high mobility of SWCNTs,
C60-SWCNT-P3HT composites have been reported [84].

Graphene which is chemically modified were also used as electron-acceptors
with P3HT and P3OT as donors in OPV, achieving conversion efficiency,
η *1.4% [85]. An hybrid composite of PEDOT:PSS/GO was used as a counter
electrode, where η = 4.5%, comparable to 6.3%, for other counter electrode which
is made with Pt and tested under the same conditions, but achieved with a cheaper
material [86].

Polymer composites with graphene filler have high carrier mobility, high elec-
trical conductivity, and visible range of spectrum with quite high optical trans-
mittance, which are essential requirements PV material. That is why graphene filler
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based polymer composites have been widely used in dye-sensitized solar cells
[87–89] and in organic solar cells as electrodes [90–94].

Conducting polymer such as PEDOT:PSS, which are doped with graphene have
shown good efficiency conversion in dye-sensitized solar cells than that of
un-doped PEDOT:PSS polymers [95].

Wang et al. [96] reported that the effect of polymer/P3HT-fullerene-graphene
structure on OPV. Device which is made with solution-processable functionalized
graphene (SPFGraphene) with low concentration of graphene also shows good
performance than device which has no SPE graphene. The improved performance
of OPV is because of the formation of charge-transport pathways by SPFGraphene.
However, there is a decrease in efficiency of OPV at higher concentration of
SPFGraphene due to the recombination of free carriers [96].

Graphene/tetracyanoquinodimethane (TCNQ)/graphene sandwiched stacked
films were prepared by Hsu et al. [97] and they used the layer-by-layer molecular
doping process on graphene. They reported that these polymer composite films can
be used in solar cell anodes. Heterojunction polymer solar cells were prepared by
using P3HT/Phenyl-C61-butyric acid methyl ester (PCBM) and multilayered
grapheme/TCNQ anodes were fabricated, which showed high conductivity and
transparency [97].

Functionalized graphene (SPFGraphene) doped with P3HT hybrid thin films
were prepared by Wang and his co-workers [98] by using solution processing for
using in organic photovoltaic cells. The effect of annealing temperature on different
properties and solar cell performance was studied. The maximum efficiency
obtained with 10 wt% SPFGraphene content, and then decreased. After annealing at
210 °C, charge carrier-transport mobility increased greatly [98].

Polymer composites with poly(2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-
phenylene vinylene), MDMO-PPV and PCBM (1:3 weight ratio) were developed
for using in solar cells [99–101].

4.16 Sensor

A sensor is a device which senses or detects different characteristics, such as
motion, light, temperature, gravity, magnetic fields, gravity, electrical fields,
moisture, humidity, pressure, vibration, sound, stretch, different chemicals, bio-
logical entities and other physical aspects of the external environment of its
environment.

Sensor detects events or changes and provides a corresponding output, generally
as an optical or electrical signal. For example, a thermocouple converts temperature
to an output voltage. A good example is mercury-in-glass thermometer; where
temperature causes expansion or contraction of mercury and it reaches to a par-
ticular mark providing the indication for the temperature [102]. There are various
types of sensors. Those are

Electrical and Electronic Application of Polymer–Carbon … 419



• Temperature sensor
• pH sensor
• Chemical sensor
• Biosensor
• Pressure sensor
• Ultrasonic sensor
• The acceleration sensor
• Displacement sensor.

Carbon fillers such as CNTs, fullerene, graphene have proved to be suitable
materials to detect different types of molecules such as gases, to pH, pressure,
temperature, bio-molecules, etc. Because of such properties, they are very good
candidate for the application in various types of sensors.

Generally, conductive polymer nanocomposites showed a positive temperature
coefficient but opposite behavior (negative temperature coefficient) shows in the
thermally reduced graphene-filled PVDF composites. This behavior makes them
use as use as temperature sensor [103].

Shan et al. [104] developed the glucose biosensor by using graphene- and
PVP-protected Graphene/polyethylenimine (PEI)-functionalised ionic liquid/GOD
(glucose oxidase)-modified electrode [104].

Xue et al. developed the organo-phosphorus pesticides (OPs) determined sensor
with graphene-nafion matrix modified glassy carbon electrode (Graphene-Nafion/
GCE). This sensor has been successfully used to identify the methyl parathion
present in vegetable samples [105].

Zhu et al. [106] developed the strain sensors with a percolation threshold of 1 wt
% by using CNF/elastomer (VM2) composites which exhibited large mechanical
deformation. The electrical conductivity inversely changed 102 to 103 orders of
magnitude upon stretching to 120% strain and recovery to 40% strain [106]. Gas
sensor prepared with CNF/poly(acrylate) composites [107] and this sensor could
detect vapor through the change in electrical conductivity (five orders of magni-
tude) [107].

CNF/PPy composites were fabricated by using vapor deposition polymerization
method and these composites were used as coaxial nano-cable toxic gas sensor to
detect the irritant gases such as HCl and NH3. The structure of the sensor comprise
of an ultra-thin PPy layer on the CNF surface. The oxidation level of the PPy is
changed when it reacts with the NH3 or HCl. Because of the change in oxidation
level of PPy, its electrical conductivity is also changed which is used as an indicator
for the detection of NH3 or HCl [108].

Carbon black polymer composite based electronic nose was developed that
could mimic biological human nose, which can detect different types of odorant.
This electronic nose is able to detect gases and gives respond just like the actual gas
sensor. Carbon black polymer composite based sensor was developed, current
source circuit was designed, and change in resistance in presence of different gases
was observed via LabVIEW [109].
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An array of 32 polymer–carbon black composite sensor was developed. The
functionalities of the polymers used could be varied to identify variety of com-
pounds and even to distinguish isomers and enantiomers [110].

CNT was perpendicularly aligned and coated with polymer given a novel and
advanced idea for invent of new sensors which have high stability, high sensitivity,
and have high selectivity which detects variety of chemicals. The working principle
is change in resistivity in the presence of those chemicals [111].

Tetrahydrofuran (THF) based sensor comprises of cellulose-based polymer and
carbon black composite was fabricated and reproducibility, durability, desorption
time, and the sensitivity percent as a function of the amount of solvent were studied
[112].

Coordination polymer–fullerene (C60) composite sensor was developed for the
detection of 2,4,6-trinitrophenol (TNP) with high sensitivity even at low concen-
tration. This sensor is highly sensitive and selective towards TNP even in presence
of nitro aromatics such as 1,4-dinitro benzene (1,4-DNB), 1,3-dinitro benzene
(1,3-DNB), 2,4-dinitro toluene (DNT), nitrobenzene (NB) and 4-nitrotoluene (NT))
and also high sensate for normal metal ions such as K+, Na+, Mg2+, Ca2+, Fe3+

[113].
Sensor based on chip-mounted source–drain electrode coated with a fullerene

composite polymer layer containing an immobilized immunoglobulin molecule was
developed which can detect antibody–antigen reactions in normal saline solutions.
Addition of fullerene causes the improvement in accuracy and reproducibility of
detection [114].

Shih et al. [115] prepared the temperature sensor with graphite filler reinforced
polydimethylsiloxane composites on polyimide films which is flexible and this
composite can be used as artificial skin for sensation humanoid robots system. The
sensor array comprises of 64 sensing cells in a 4 � 4 cm2 area with copper elec-
trodes to determine the composites resistivity changes with change in temperature
[115].

The platelet graphite nanofibers (PGNF)/CNF/graphite micro-particles filled
polysulfone (PSf) nanocomposites sensors for glucose were prepared by facile
phase-inversion method and their electrochemical performance was compared. It
was found that PGNF/PSf composites given excellent amperometric and voltam-
metric performance for sensing and bio-sensing compared to that of other two
composites [116].

Metallic strain sensors cannot sustain more than 5% strain. However, for mul-
tifunctional applications, sensor with higher strain is required. High-strain sensors
which were stretchable and flexible were fabricated by dispersing MWCNTs or
graphite flakes in natural rubber. The working principle is the formation of gaps
among conducting particles with stretching, results in the increase of the electrical
resistance of the sensor. Graphite sensor with strains of up to *250% and *600%
of carbon nanotube sensor increased the electrical resistance by *50 and *120
times, respectively [117].

Eswaraiah et al. prepared graphite oxide-PVDF nanocomposite by in situ
reduction method of graphite oxide, electromagnetic radiation was used to polymer
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melting and embedding of reduced graphite oxide nanoflakes in polymer. They
proposed that these graphite oxide-PVDF nanocomposites will be given the
applications in an electromechanical applications [118].

4.17 Actuator

An actuator is a device which is responsible for controlling or moving a system or
mechanism. Actuators transform an input signal, mainly electrical signal into
motion. Actuator is operated by using energy, typically electrical energy, pneumatic
pressure or hydraulic pressure and converts that energy into the motion. These
actuators are used to introduce a motion, or to clamp an object so as to prevent
motion [119].

Mohamadi et al. prepared graphene-reinforced PMMA nanocomposite by using
in situ polymerization [120]. Polydiacetylene (PDA)/graphene nanocomposite were
fabricated by Liang et al. by solution processing method [121]. The resulting
nanocomposite showed the excellent actuation character with controllable motion,
high-frequency resonance and fast response rate.

Mechanical actuator based on MWCNTs-Silicone elastomer composites was
developed by Ahir et al. Photomechanical response of this actuator was very fast
and possible models and explanations for this was given by them [122].

Bending actuator was fabricated by embedding aligned CNT into PDMS as
shown in Fig. 11. At very low driving DC voltages (<700 V m−1), the actuator
could generate large bending actuation with controllable motion. The actuator could
also be operated without electrolytes in the air. This kind of actuator can be used in
microrobotics, artificial muscles, micro-sensors, micromanipulation, microtrans-
ducers, and micro-cantilever for medical applications [123].

Sulfonated poly(styrene-b-ethylene-co-butylene-b-styrene) (SSEBS) ionomer
and fullerene-C60 composite-based ionic polymer–metal composite (IPMC) actu-
ators were developed. Actuation performance or bending response of IPMC under
both direct current (DC) and alternating current (AC) excitations was much better
compared to that of SSEBS ionomer [124].

Traditional ionic polymer–metal composite actuators have many drawbacks; to
overcome some of those fullerene-reinforced ionic polymers membrane was
developed. Fullerene-reinforced ionic polymers membrane actuators exhibited
higher tensile strength, Young’s modulus, proton conductivity and water-uptake
and hence better response [125].

Exfoliated graphite oxide (A-aMEGO)/polymer (poly (vinylidene fluoride/
chlorotrifluoroethylene) [P(VDF-CTFE)]) nanocomposites were prepared by using
aligned activated microwave to develop the electromechanical actuators properties.
It was found that the elastic energy density and elastic modulus of the ionic
actuators could be adjusted over a large range by different polymer concentration in
the nanocomposite [126].
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Muralidharan et al. [127] developed a photochemical actuator using thermally
reduced graphene oxide (TRGO)/thermoplastic polyurethane (TPU) composite with
tunable photomechanical response by controlling pre-strain and the filler loading.
A very high photomechanical strain of 50.2% with an excellent stress of 1680 kPa
at a pre-strain of 220% was obtained with a low filler loading of 2 wt% TRGO. This
is a promising material for light triggered actuators for many potential applications,
such as robotics and biomedical devices [127].

Lian et al. [128] fabricated GO (0.5–10 wt%)-Nafion actuators. CNT was
applied on both side of the membrane by dip coating method, which was used as
electrode. The electrochemical behavior of this actuator was four times higher and
displacement was nearly double than those of with virgin Nafion [128].

Graphene nanoplatelets with different concentration (0.10, 0.25, and 0.50 wt%)
were incorporated into cellulose matrix to develop cellulose-based composite
actuators and studied their performances, such as the minimum tip displacement,
maximum tip displacement and time constant [129].

MWCNT–graphene-based IPMC actuator was developed to replace typical
platinum or gold electrode. MWCNT and graphene, used as electrode, were coated
on both sides of the IPMC by spray coating and baking. The IPMC with a MWCNT
electrode exhibited higher displacement compared to that of platinum electrode.

Fig. 11 Bending actuator
based on aligned CNT/
PDMS. Adopted from [123]

Electrical and Electronic Application of Polymer–Carbon … 423



When the ratio of graphene to MWCNT was increased in electrode material, dis-
placement was reduced but the fundamental natural frequency of the polymer
actuator was improved [130].

PDMS composites reinforced with 0.1–5 wt% of GNP were prepared for pho-
tomechanical actuators. Four orders of magnitude changes were found in stress
upon IR illumination when compared with pure PDMS polymer. The mode of
actuation is dependent on the applied pre-strains. The actuators exhibited reversible
expansion at low % of pre-strain (at 3–9%) and actuators exhibited reversible
contraction at high levels (15–40%). GNP-reinforced PDMS composites showed
higher actuation stresses than the other forms of PDMS nanostructured composites
which were reinforced with carbon materials such as carbon nanotubes with same
fabrication method [131].

4.18 Electrode

An electrode is an electrochemical cell which is either an anode or a cathode. The
oxidation occurs at anode through the release of electron from it and reduction
occurs at cathode through the acceptance of electron by it. Depends on the direction
of the current through the cell, each electrode may become either the anode or the
cathode. Generally, electrodes are used to supply the current through non-metal
objects to alter them in various routes and to measure the conductivity for various
purposes. Examples of some applications of electrodes include are [132]:

• Fuel cells
• solar cells
• Medical devices, such as EEG, ECG, ECT, defibrillator
• Electrophysiology techniques in biomedical research
• Electroplating
• welding
• Electrochemical reactions
• Chemical analysis using electrochemical methods.

PANI/graphene composite electrode which is high-performance electrode was
prepared by Wang et al. [133] by using a spin coating method. In this work they
disperse the graphene oxide film in aqueous solution and this film was deposited on
the quartz substrate with deep coating method and also thermal reduction is applied
to get a graphene film. Then spin coating was used to deposit the PANI in
n-methylpyrrolidone (NMP) dark blue solution on graphene films. This prepared
PANI/graphene electrode can be used to make electrochromic devices [133].

Graphene-modified electrodes were prepared from Tris (2,2/-bipyridyl) ruthe-
nium (II) [Ru(bpy)3]

+2/nafion/graphene by using the solution mixing of graphene
and nafion. This electrode was immersed in 1 M [Ru(bpy)3]

+2 solution for getting
modified electrode which shows the good stability, sensitivity, and selectivity [134].
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Hole-only and double-layer-type light-emitting devices were fabricated based on
SWCNT–polyvinylcarbazole (PVK) composite. Mobility and device performance
were significantly improved with the increment of weight fraction in the range of 0–
1.0 wt%. This increment is because of the nanotubes which are highly conductive
and this conducting mobility is passed to the whole system. Devices with higher
external quantum efficiencies were achieved with the dye-doped composites [135].

Carbon-polymer composite electrodes were given the applications in HPLC as
electrochemical detector and these carbon electrodes were good than glass-carbon
electrode. The carbon-polymer composite electrode was found to be better in terms
of machinability, cost, stabilization time, accessible potential range, and noise
levels and inferior in terms of the potentials which are required for the oxidation of
epinephrine and norepinephrine model compounds as compared to those of glassy
carbon electrode [136].

PPy-coated carbon nanocoils (CNCs) and PANI were used in supercapacitors
which were efficient binder-free electrode materials. PANI/CNCs and PPy/CNCs
exhibited specific capacitance up to 360 and 202 F g−1, respectively. The PANI/
CNC-based supercapacitors exhibited the maximum storage energy of
44.61 W h kg−1. These devices lost capacitance initially due to the instability of the
polymer, however they become stable after 500 charge–discharge cycles [137].

SWCNT/PEDOT:PSS composite electrode of various patterns such as circle,
line, and square were prepared by solution transfer method by micro-contact
printing using PDMS stamp. High electrical conductivity and stability showed the
device which pattern is single parallel line due to the formation and alignment of
SWCNTs. It is a good method to fabricate patterned, transparent, conductive
SWCNT/polymer composite electrode for optoelectronic applications [138].

Graphite powder was used as filler and mixed with Araldite® (epoxy), poly-
urethane, and silicon rubber matrices to prepare the composite materials which can
be used in the preparation of electrodes. In all the cases, voltammetric response
obtained when at least 50% of graphite (wt./wt.) is present in the composites [139].

Graphite-filled poly(methyl methacrylate) based plastic chip electrode
(PCE) was fabricated by a simple solution casting method. This electrode is eco-
nomically inexpensive, mechanically stable, high surface area, multipurpose, dis-
posable electrode for various applications. This type of electrodes is useful in cyclic
voltammetry, electro-polymerization, stripping voltammetry, amperometric sens-
ing, and electro-winning [140].

Polymer/graphite fiber composite electrodes were fabricated by using single-step
electro-polymerization PPy onto a porous graphite fiber matrix and these electrode
materials are high charge density conducting materials. The graphite substrate
provides a lightweight structure with high surface area. The available charge
capacity of the composite electrodes was proportional to the polymerization time
and the mass of electro-active polymer [141].

An electrode for supercapacitors was fabricated by using nanocomposite of
graphene (G)–PANI material and these materials were synthesized by using
chemical precipitation method. This supercapacitor exhibited a 300–500 F g−1

specific capacitance at 0.1 A g−1 current density [142].
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4.19 Battery

A lithium-ion battery (Li-ion battery or LIB) is one of the rechargeable batteries.
Ions move from the negative electrode to the positive electrode in LIB, during
discharge and back when charging. In LIB, intercalated lithium compound is used
as one the electrode material and the metallic lithium is used in non-rechargeable
lithium batteries. Because of low atomic weight of M = 6.94 g mol−1 and absolute
high potential against the standard hydrogen cell (−3.04 V), LIB considered as the
one of the most important batteries in storage system battery which has the large
theoretical energy density up to *400 W h Kg−1. LIBs are common in consumer
electronics, military, battery electric vehicle, aerospace applications, etc. LIBs are
popular for the replacement of lead acid batteries because of its lightweight [143].

Lithium battery comprises a positive electrode, negative electrode, a separator,
and an electrolyte which allows for ionic movement. The separator is a
micro-perforated plastic which is a very thin sheet and this separates the both
positive and negative electrodes while allowing ions to pass through. For making
the positive electrode, lithium salt is used and carbon or other material is used for
making the negative electrode.

During charging, lithium ions move through the electrolyte from the positive
electrode to the negative electrode and while discharge time lithium ion moves back
to the negative electrode as shown in Fig. 12 [144].

Green cathode was developed by Z. Song and his co-workers with combination
of graphene and two polymer promising cathode materials, polyimide and poly-
(anthraquinonyl sulfide). They improve this composite to use as cathode in
rechargeable lithium batteries (RLB). In situ polymerization was used with gra-
phene sheets to make these composites. Because of better dispersion, electronic
conductivity and electrochemical activity improved significantly (more than
100 mA h g1 witihin few seconds) [145].

Flexible energy-storage devices have growingly attracted with the demand of
flexible electronic systems. However, obtaining electrode materials with high
mechanical strength, high flexibility and good electron and lithium-ion conductivity
is a big challenge. Lee et al. developed stretchable, highly conductive and porous
polymer–CNT nanocomposite electrode material. First, blend of PDMS, PMMA,
and CNT was prepared and then PMMA was removed to generate well-controlled
pore networks. The porous PDMS nanocomposites which were embedded with
CNT-exhibited good mechanical flexibility with good electrochemical performance
and found suitable for anode material in flexible lithium-ion batteries [146].

A carbon (amorphous)/polymer (polypropylene oxide) composite electrode was
fabricated for its application as an anode in an electrochemical cell, or battery [147].

Sivakkumar et al. [148] synthesized PANI-MWCNT nanocomposite by using
the in situ chemical polymerization of aniline in well-dispersed CNT solution.
Composite of PANI/CNT was used as an active cathode material and porous poly
(vinylidenefluoride-co-hexafluoropropylene) membrane was used as an electrolyte
material in rechargeable polymer lithium cells. The cell exhibited a discharge
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capacity maximum of 86 mA h g−1 at the 80th cycle with an average columbic
efficiency of 98% [148].

Polypyrrole graphite composite was developed by Veeraraghavan et al. [149] to
use as anode material in secondary lithium-ion batteries. They polymerize the
Pyrrole and commercial SFG10 graphite by using in situ polymerization method.
This graphite composites exhibited higher columbic efficiency, good reversibility,
good rate capability, and better cycle life compared to those of pristine SFG10
graphite [149].

Li et al. [150] developed the PPy/graphene composite to use in biocompatible
zinc/polymer battery as cathode material. This composite has the high specific
surface area of 561 m2 g−1 with high conductivity of 141 S cm−1. Efficiency of this
composite as cathode material was higher than pure PPy. The battery which is
prepared with PPy/graphene as cathode and Zn as anode exhibited with energy
density of 264 mW h g−1 in 0.1 M of phosphate buffer saline [150].

Recent advances and applications of graphene-based composites in cathode
materials in lithium-ion batteries were reviewed by Chen et al. [151]. Their focus of
discussion was mainly on the processing methods and electrochemical performance
of graphene-based composites as cathode materials for lithium-ion batteries [151].

Fig. 12 Working principle of Li-ion battery. Adopted from [144]
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4.20 Capacitor

A capacitor is electrical component which passes two-terminal electrical to store
energy in an electric field. In capacitor, energy is stored in electrostatic field formed
between the plates. These capacitors are mostly used in electrical devices as parts of
electrical circuits. Two electrical conductors (plates) needed to make capacitors
which are separated by a dielectric (i.e., insulator) as shown in Fig. 13. Thin films,
sintered beads of metal, or conductive electrolyte and foils, etc., are used to make
the capacitors. To increase the capacitor’s charge capacity, non-conducting
dielectric is used and this can be ceramic, glass, plastic film, paper, air, mica,
vacuums, oxide layer, etc. [152].

A single constant value for its capacitance; C. is used to characterize the ideal
capacitor. Q is the ratio of the electric charge on each conductor to the V potential
difference between them is expressed as the Capacitance.

C ¼ Q
V

ð1Þ

Farad (F) is used for measure the capacitance in SI units and this is equals to one
Coulomb per volt (1 C/V).

Zhang et al. [153] developed graphene and polypyrrole (PPy/GNS) composite
for its application as electrode material for supercapacitor. This composite shows
better rate capability, higher specific capacitance, and cycling stability than of pure
polypyrrole. PPy/GNS composite has high specific capacitance of 482 F g−1 at
current density of 0.5 A g−1 with good cycling performance (specific capacitance is
lower than 5% at after 1000 cycles,) [153].

Fig. 13 Schematic of a
typical parallel-plate
capacitor. Adopted from
[152]
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Liao et al. [154] prepared mesophase-activated carbon (MAC) from coal tar
pitch and then activated with potassium hydroxide (KOH). The activated carbon
electrode made from MAC showed an excellent electrostatic capacitance with 196
F g−1 and 72 F cm−3.

A capacitor comprising carbon fiber reinforced epoxy composite with a paper
interlayer was prepared, which exhibited a capacitance of 1.2 lF m−2 at 2 MHz.
The high capacitance is due to the large area of the surface of a fiber layer (twice the
flat area) sandwiching the paper interlayer [155].

Li et al. [156] developed the structural carbon fiber (surface modified by oxi-
dation) and epoxy-based gel polymer composites to be used as electrodes and
electrolyte in capacitor.

The electrochemical stability of the electrolyte reached to 2.75 V and the ionic
conductivity reached to 10−5 S cm−1 at room temperature. Energy-storage stability
increases with the enlargement of surface area of carbon fiber and this can be
possible by surface modification of the fiber by oxidation reaction. This carbon fiber
reinforced epoxy composite has specific capacitance of 3.0 F g−1 with good cycling
performance [156].

Graphite oxide was incorporated in poly(ethylene oxide)-based polymer used as
electric double-layer capacitors. This graphite oxide composite showed a
double-layer capacitance of 130 F g−1 [157].

Electrochemical capacitors were developed with composite of Reduced gra-
phene oxide (rGO) and poly(vinyl pyrrolidone) (PVP) which contains the 55 and 71
wt% rGO. Thi rGO composite can be directly used as the electrode material without
conductive additives or binders.

The ECs exhibited excellent flexibility, high volumetric, and gravimetric specific
capacitances and satisfactory electrochemical stability. The EC constructed with
rGO/PVP composite containing 71 wt% of rGO showed a higher power density
(40 W cm−3) and high energy density of 2.5 mW h cm−3 at a current density of
1 A g−1 [158].

Graphene-epoxy flexible transparent capacitor was developed by Sangermano.
SU8 resin was used as flexible and transparent dielectric layer on the surface of
graphene, which acts as conductive layer. Two layers of graphene/SU8 were
bonded together with the help of photo-curable epoxy resin. This capacitor
exhibited a clear and stable capacitive behavior [159].

4.21 Supercapacitor/Ultracapacitor

One of important device for electrochemical energy storage is Supercapacitor or
Ultracapacitor which provides the >10 kW kg−1 of high power density and short
charge/discharge time as compared with other battery devices.

Graphene derivatives and conducting polymers are widely used in supercapac-
itor. Conducting polymers like PANI is mostly incorporated with rGO and GO
sheets and these composites were used in supercapacitors.
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Wu et al. [160] fabricated the graphene-/PANI-based supercapacitor with very
high mechanical stability and flexibility. They prepared the chemically converted
graphene composite films (CCG) with polyaniline nanofibers (PANI-NFs) by using
vacuum filtration method. Electrical conductivity of the composite film was
5.5 � 102 S m−1 at 44% of CCG and had the 210 F g−1 electrochemical capaci-
tance at a 0.3 A g−1 discharge rate [160].

Fibrillary composites of PANI doped with graphene oxide sheets were prepared
by using in situ polymerization and in this reaction they polymerize the monomer in
the presence of graphene oxide. The nanocomposite exhibited a conductivity of 10
S cm−1 at 22 °C at 100:1 weight ratio of aniline and graphite oxide. At potential
range of 0–0.45 V, Pristine PANI exhibited specific capacitance of 216 F g−1

whereas it is 531 F g−1 for PANI/graphene oxide composite. The degree of doping
and the concentration of graphene oxide have been effects on the performance and
electrochemical capacitance of the nanocomposites [161].

Graphene nanosheet/carbon nanotube/polyaniline composite was fabricated by
Yan et al. [162] by using in situ polymerization. They want to use this composite
material as electrode material for supercapacitors applications. This composite
showed the 1035 F g−1 (1 mV s−1) of specific capacitance in 6 M of KOH and this
capacitance was lower than the GNS/PANI composite (1046 F g−1), but capaci-
tance higher than the CNT/PANI composite (780 F g−1) and also higher than pure
PANI (115 F g−1). With the addition of 1wt% CNT, cycle stability increases more
for GNS/CNT/PANI composite. This increment is because of the keeping the
highly mechanical strength as well as high conductive path of the electrode during
the doping and dedoping processes. The loss of capacitance was less for GNS/CNT/
PANI composite (only 6%) 1000 cycles as compared with of GNS/PANI (52%) and
CNT/PANI (67%) composites [162]. Multi-walled CNT reinforced PANI, PPy, and
PEDOT composites were prepared by in situ chemical polymerization for using
these composites supercapacitor applications [163]. These composites were opti-
mized by using different varying ratios of ECPs to MWCNT. All the materials
exhibited good energy-storage performance. PPy/MWCNT composites showed
superior supercapacitor characteristics than other composites.

Composite of exfoliated graphite and electrochemically active material was
fabricated for the application as a composite electrode in supercapacitor.
A supercapacitor made from such a composite electrode exhibited an exceptionally
high capacitance value and low equivalent series resistance [164].

GO/PPy composites were prepared for giving the applications in Supercapacitor.
Charge storage improvement shows cause exfoliation of graphite oxide sheets
through intercalation of PPy, a specific capacitance of *181 F g−1 in 1 M Na2SO4

aqueous electrolyte achieved with a *56.5 W h kg−1 of corresponding specific
energy density [165].

Liu et al. [166] incorporated various types of nanomaterials, such as silicon
nanoparticles, carbon nanotubes, titanium oxide particles and graphene flakes into
the conducting polymer PANI to form nanocomposite materials for making flexible
supercapacitor sheets. Incorporation of nanomaterials in PANI has significantly
improved the energy and power capabilities of the capacitor.
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4.22 ESD and EMI Shielding

Electrostatic discharge (ESD) is the flow of electricity between two electrically
charged objects caused by contact. Static electricity can be possible by electrostatic
or tri bocharging induction. ESB occurs when the opposite charged objects come
closely together or when the dielectric between them breaks down which often
creates the visible spark. There is possibility of some harmful effect with ESD such
as explosions of fuel vapor, gas, and coal dust and also possibility of failure of some
integrated circuits in solid state electronics components. This can be avoided by
preventing static charge formation through the formation of conducting path, pro-
viding antistatic devices, and controlling humidity [167].

Electromagnetic shielding is the practice of reducing the electromagnetic field in
a space by blocking the field barriers which are made with magnetic or conductive
materials. To isolate electrical devices from the ‘outside world’, this Shielding can
be used in devices [168].

Electromagnetic interference (EMI) is the disturbance which is generated by the
performance of an electronic device electric field which is from another nearly
placed device. For any material, electromagnetic interference shielding efficiency
(EMI SE) refers as the efficiency of absorb and/or reflect electromagnetic radiation
and this is needed for low observable aircraft and radomes [169].

The EMI SE is presented in percentage as

EMI SEð%Þ ¼ PA þPB þPR

PI
� 100

In the above equation, PI refers as material body incident power, PR is reflected
power, PA shows the absorbed power, internally reflected power from the material
body is shows with PB and transmitted power from the material body is PT which is
schematically shown in Fig. 14 [170, 171].

The percolation thresholds of graphene, nanotubes, nanofibers can be achieved
at very low concentration because of their high intrinsic conductivity and aspect
ratio. The surface resistivity of ESD materials ranges between 1012 and 105 X
cm−2, whereas in EMI shielding material it should be lower than 105 X cm−2. ESD
and EMI materials given the applications is many fields including mobile phone
parts, carpeting floor mats, electronics packing, telecommunication antenna, and
also can be used in aircraft as shielding coating material.

Lee et al. [172] developed PP/MWCNTs nanocomposites for ESD applications.
MWCNTs were surface modified using octadecylamine (ODA) via carbon tetra-
fluoride (CF4) plasma-assisted fluorination and subsequent alkylamination, which
was then incorporated in PP. PP/MWCNTs composite with 2 wt% of MWCNTs
loading showed the high electrical conductivity along with good mechanical
properties and also found to be suitable for the use as ESD material [172].
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CNT (single-, double-, and multi-walled) was used as filler in different types of
polymer for preparing electrically conductive composites for their application of
ESD material [173].

ESD adhesives with resistance in a range from 10 kX to about 100 MX were
prepared using a mixture of a polymeric thin film and electrically conductive fillers.
Polymers include polyurethane, polyester, polyacrylate, polymethacrylate and
epoxy, and electrically conductive fillers include carbon black, carbon nanotubes,
silver nanoparticles, gold nanoparticles, and fullerene compounds. The adhesive
can be applied on the item to be protected against electrostatic charging dispersed,
then solvent to be evaporated to form continuous and smooth hard coating of ESD
material [174].

Poosala et al. [175] incorporated oxygen-plasma treated graphene nanoplatelets
(OGNP) (0.0 to 5.0 wt%) and MWCNT (2.0 wt%) in polycarbonate (PC) by melt
processing through twin-screw extruder. OGNP/MWCNT/PC nanocomposites
found to be suitable for ESD applications [175].

Liang et al. [176] developed the CMG/epoxy nanocomposites with 15 wt%
loading weight fraction which shows the efficiency EMI shielding to achieve
commercially suitable level (around 20 dB in the X-band). These composites were
prepared by reduction of GO by suing hydrazine.

Fig. 14 Schematic diagram
of shielding efficiency (SE) in
a material body. Adopted
from [171]
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Graphite flake (GF) filled PPS composites were prepared by Goyal et al. [177]
by using hot press molding for given applications in EMI shielding. They obtained
percolation threshold of electrical conductivity with 5 wt% of GF. These com-
posites were found to be useful for EMI shielding application because of the
significant improvement in electrical properties [177].

Yang et al. [178] developed PS-carbon nanofiber composites for EMI shielding
application. They observed that the EMI shielding effectiveness is independent on
the applied frequency but dependent on the concentration of conducting filler. EMI
shielding efficiency increased with increasing carbon nanofiber loading within the
applied frequency range 12.4–18 GHz (Ku-band). EMI shielding effectiveness of
36 dB for the polymer composite obtained at 20 wt% carbon nanofibers [178].

EMI shielding was examined for Epoxy/graphene composites and these com-
posites were prepared by using in situ polymerization. The EMI shielding effec-
tiveness increased with increasing graphene loading over the entire frequency
range. These epoxy/graphene composites found to be suitable in electromagnetic
radiation as effective lightweight shielding material [179, 180].

Luo et al. [181] developed carbon fiber/polymer composite, which exhibited
excellent EMI shielding efficiency of 124 dB in 0.3 MHz to 1.5 GHz frequency
range.

SWCNT composites have been fabricated and EMI SE was evaluated for these
composites in the frequency range of 10 MHz to 1.5 GHz. 15 wt% SWCNT
composites given the highest

EMI SE of 49 dB at 10 MHz frequency. 15–20 dB of EMI SE was obtained in
the 500 MHz to 1.5 GHz frequency range. EMI SE found to be proportional to DC
conductivity [182].

Al-Saleh et al. [183] studied the electrical resistivity (ER), morphological and
EMI SE properties of PS, PP, PP/PS, and PP/PS/styrene–butadiene–styrene
(SBS) blends which were filled with 10 vol.% of carbon black (CB).

Morari et al. [184] developed the composites from silicone rubber with carbon
powder and ferrite powder and measured their electrical conductivity and EMI SE
in microwave frequency. They observed that there is negligible variation of
shielding performance with frequency for samples with higher electrical conduc-
tivity; whereas it decreases significantly with increasing frequency for samples with
lower.

Maiti et al. [185] prepared electrically conducting nanocomposites of
PS/MWCNT/GNP by using in situ polymerization. Polymerization reaction of
styrene/MWCNTs was occurred in the presence of PS/GNP microbeads which are
suspension polymerized. This composite exhibited very high electrical conductivity
and EMI SE (*20.2 dB) at low loading of MWCNTs filler (*2 wt%) and GNP
filler (*1.5 wt%) because of the random distribution of both fillers in the PS
matrix.

PVDF-based functionalized graphene (f-G) foam composites were prepared by
Eswaraiah et al. [186] for using these composites in shielding applications.
Concentration of f-G effects on the electrical conductivity of the composites and
electrical conductivity increases with increment of filler loading in matrix. 5 wt%
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f-G loading composites showed the EMI SE of *20 dB in X-band (8–12 GHz)
region 18 dB in broadband (1–8 GHz) region.

4.23 Memory Devices

Memory can be defined as like a brain of humans. This memory generally used to
store data and followed the instruction. In computers, there is a memory storage
place where data is processed and stored and this memory can be divided into more
numbers of small parts. Each of these part is called cell and every cell or location
has different address which is varies from zero to memory size minus one [187].

For example, if computer has 64 k words, then this memory unit has
64 * 1024 = 65536 memory location. These address locations varies from 0 to
65,535.

Mamo et al. [188] developed the composites of poly(vinyl phenol) (PVP) and
carbon nanotubes by sandwiched between Al electrodes and by using these com-
posites they prepared the write-once-read-many times (WORM) memory devices.
They used three kinds of nanotubes, such as un-doped, nitrogen-doped and
boron-doped MWCNTs. It was found that the OFF to ON state switching threshold
depends on types of nanotube whereas the ON/OFF current ratio is dependent on
both concentration and type of nanotubes [188].

Similarly, Sustaita et al. [189]. also developed WORM memory devices from
functionalized carbon nanoshells and carbon sphere based PVP composites, which
showed ON/OFF current ratio of 105 [189].

Machado et al. [190] also developed WORM memory devices by using
cross-linked PVP and carbon spheres composites. They used three kinds of nan-
otubes, such as un-doped, N-doped and B-doped MWCNTs and their effects on
memory characteristics were studied. These memory devices exhibited quick OFF
to ON (high resistance to low resistance) transition (less than 1 ls) and it can
happen at very low voltages (2 V) [190].

Electrical bi-stability and large conductance switching at room temperature was
observed in functionalized carbon nanotube (CNT)-conjugated polymer compos-
ites. The bi-stability was dependent on the CNTs concentration in the composite
[191].

Jo et al. [192] developed organic nonvolatile resistive switching memory by spin
casting method using PCBM filled poly(styrene-b-methyl methacrylate (PS(10)-
b-PMMA(130))) self-assembled di-block copolymer [192]. The device exhibited
better bipolar-switching behavior with stable and reproducible properties at low
operating voltages (RESET at 1.3 V and SET at −1.5 V) and under ambient con-
ditions, [192].

Khan et al. [193] developed the memory devices with ferroelectric poly
(vinylidenefluoride–trifluoroethylene (P(VDF-TrFE)) and n-type PCBM blends
with conducting PEDOT:PSS polymer electrodes by using spin casting method.
These blends can be used as nonvolatile bistable memory devices. The devices
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showed high Ion/Ioff ratios (�3 � 103), low read voltages (�5 V), superb retention
characteristics up to 10,000 s and better dielectric properties at high frequencies
(�r � 8.3 at 1 MHz). [193].

Kanwal et al. [194] developed memory devices based on C60 fullerene, PS and
PVP polymers with mild thermal annealing to improve the stability of the device
[194].

Flexible organic memory (BOM) bi-stable devices were prepared by using
ultra-thin graphite sheets (UGS) which were sandwiched between PMMA insu-
lating polymer layers. Efficiency of BOB devices even after bending was similar
and was stable during repeated bending [195].

Mamo et al. [196] developed WORM memory devices using rGO-PVP com-
posite as the active layer. These devices exhibited a high ON/OFF current ratio of
105 at 1 V, with good retention. Very low energy is required for this device to
perform write and read operations at 5 V.

Kafy et al. [197] modified GO with hexamethylene diisocyanate and then
incorporated in cellulose to develop nanocomposite for given applications memory
storage devices and flexible energy devices. The composite was environmentally
stable and found to be suitable for electronic devices and energy storage [197].

Zhuang et al. [198] developed rewritable memory devices with ITO/
triphenylamine-based polyazomethine (TPAPAM)-GO/Al and these are non-
volatile devices. These devices showed an ON/OFF-state with more than 103 of
current ratio and a memory effect with a turn-on voltage of −1.0 V. These devices
worked up to 108 read cycles at a −1.0 V of read voltage and both ON and OFF
states were stable under a constant voltage.

4.24 Fuel Cells

A device which converts the chemical energy from a fuel into electricity by
chemical reaction with oxygen or other type of oxidizing agent is called fuel cell.

If inputs are supplied, electricity can produce continuously by fuel cell. Fuel
cells can be used as primary and backup power in commercial, industrial, com-
mercial, residential buildings, and in remote areas. Fuel cells can also be used in
power fuel cell vehicles such as automobiles, forklifts, motorcycles, buses,
sub-marines, and boats.

Different kind of fuel cells are divided into different categories based on the type
of electrolyte used.

Different varieties of fuel cells are available which includes in the following:

• Proton exchange membrane fuel cell (PEMFC)
• Direct methanol fuel cell (DMFC)
• Direct formic acid fuel cell (DFAFC)
• Phosphoric acid fuel cell (PAFC)
• Metal hydride fuel cell (MHFC)
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• Alkaline fuel cell (AFC)
• Solid acid fuel cell (SAFC)
• Solid oxide fuel cell (SAFC)
• Molten carbonate fuel cell (MCFC).

However, working principle of all fuel cells is similar. To produce the direct
current electricity, electrons are drawn from the anode to the cathode through an
external circuit as shown in Fig. 15 [199, 200].

Generally, a single fuel cell contains the electrolyte and two catalyst-coated
electrodes (anode and cathode). Different components which are available in fuel
cell are electrodes, bipolar plates, catalyst, membrane, and necessary hardware.

Bipolar plate is mainly prepared from metals. However, metals have problem
with corrosion. Because of this corrosion, metals form the conductive oxide layer
which is effects on the electrical conductivity of the component. Moreover, catalyst
layer in the membrane electrode may be poisoned due to the ions which are formed
from the metallic surface. Small amount of ions also reduce the total power density
of the fuel cell. Graphite–polymer composites have more advantages than metallic
materials because those are corrosion resistant, low weight easy and economical
production (injection or compression, transfer molding processes). Many types of
graphite polymer composites are commercially available such as PVDF, PPS, PP,
and phenolic resin [201–204]. However, metallic plates have higher bulk electrical
conductivity than these polymer composites. Therefore, researchers try to develop
the composites with higher electrical conductivity to given the applications in
different fields. This can be achieved by incorporating other carbon-based con-
ductive fillers, except conventional graphite filler, in the polymer matrix. The other
filler which can be using in polymer matrices are SWCNT, MWCNT, carbon black
(CB), expanded graphite, graphene, carbon fibers (CF) and combinations thereof
[205–209]. Electrical conductivity and mechanical strength of these types of filler
reinforced polymer composites depends on the filler content, size of particles,

Fig. 15 A block diagram of a
fuel cell. Adopted from [199]
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morphology, etc. Mechanical and electrical properties of graphite-epoxy composite
bipolar plate which is reinforced with CF, MWCNT, and CB were investigated by
Lee et al. [205]. They reported that electrical conductivity of composites was
increased with the addition of CB up to 5 vol.% of concentration and the addition of
MWCNTs up to a concentration of 2 vol.%. However, at higher filler loading
electrical conductivity decreased to some extent may be due to aggregation of
conducting filler or improper wetting of the filler by the polymer matrix [205].

Allaoui et al. [210] reported that the small filler content between 0.5 and 1 wt%
of filler concentration in MWCNT-reinforced epoxy polymer composites reaches
the percolation threshold in epoxy polymer composites [210]. Same type of
behavior was confirmed by Munson-McGee [211] and Celzard et al. [211]. They
reported that filler with high aspect ratio with rod-like particles showed the per-
colation threshold at 0.24–1.35 vol.% of filler and also lower values are also often
reported in literature [212, 213]. Celzard et al. [211] and Munson-McGee [214]
published the deviations from the results which were described by Gojny et al.
[215] and these people develop the model in the absence of molecular level con-
siderations. Literature reports shows that the dispersion of CNTs in polymer
matrices can be improved by surface modification or functionalization of con-
ducting nanoparticles with different chemical groups [216], [217] and [218]. NH2-
functionalized MWCNTs was prepared by ball milling process with nanotubes with
and ammonia. Due to this ball milling process, the aspect ratio is lower for
MWCNT which were functionalized with NH2 than that of pristine nanoparticles
and these nanotubes were break during ball milling. Results showed that func-
tionalized MWCNT composites has higher percolation threshold than that of
untreated nano-tubes composites. Functionalization of carbon nanotubes improves
the bond between filler and polymer matrix where may be formation of insulating
surface layer on the nanotubes. Functionalization is frequently used to enhance
dispersion of CNTs in polymer matrices [215–217]. Zhu et al. [219] also reported
that aspect ratio of CNTs also reduce after the functionalization of carbon nanotubes
with some chemicals for polyimide composites. In this work, they used the mixture
of sulfuric acid and nitric acid to treat the CNTs. At 7.0 wt%, treated CNT com-
posite showed percolation threshold which is higher than often reported. Lee et al.
[220] successfully functionalized the CNTS with treatment of mixture of nitric acid
and sulfuric acid and then incorporated in PP using twin-screw extruder. Composite
with treated CNT exhibited higher electrical conductivity compared to that of
untreated CNT. In this work they used the Maleic anhydride grafted polypropylene
(MA-g-PP) as coupling agent and maleic anhydride grafted styrene–ethylene–
butylene–styrene (MA-g-SEBS) as compatibilizers. Coupling agent helped in better
dispersion of CNT and also enhanced the conductivity of the resultant composite.

Aligned particles of MWCNTs in an epoxy matrix may also be reduced the
percolation threshold instead of entangled nanotubes [Sandler et al. [212]. This
alignment can be possible during the injection chemical vapor deposition manu-
facturing process of the nanotubes [212].

Carbon fillers are mainly used in bipolar plate. Some researchers have also
worked on the application of carbon filler in polymeric electrolyte membrane
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(PEM). Mechanical and/or dimensional stability of Nafion membranes, especially at
high temperature, is moderate. It may cause problems during the fabrication of
membrane and during operation. Contraction and swelling of Nafion membrane is
possible because of the differences in hydration level during operation of the fuel
cell which may change the dimension of membrane and also effects on the fuel cell
performance and working life. To overcome this problem CNT is incorporated in
Nafion to improve the mechanical strength of the membrane [221].

Liu et al. [222] prepared the composite membranes with Nafion and CNTs by
solution casting method for using applications in H2O2 fuel cell. Addition of 1 wt%
CNTs improved the mechanical strength of the membrane significantly but decrease
the dimensional change of membrane, whilst maintain the proton conductivity.
CNTs being electrically conducting in nature may cause short circuiting between
two electrodes. By keeping the carbon nanotubescontent lower than the percolation
threshold, we can minimize the short-circuits risks [222]. They proposed an elec-
trolyte membrane with sandwich structured, prepared with a platinum (Pt)/CNT/
Nafion layer which is inserted between two plain Nafion layers.

Mechanical property this membrane was improved. Moreover, the Pt/CNTs
present in the membrane helped to react H2 and O2 to form water. The water
directly humidifies the membrane and allows to the operation of PEMFCs without
external humidification system. CNTs being electrically conducting in nature may
cause short circuiting between two electrodes. This was overcome by providing
pristine Nafion layers on both sides of Pt/CNT/Nafion layer [223].

Thomassion et al. [224] also incorporated functionalized MWCNTs in Nafion by
melt extrusion process. Grafted of MWCNT was done by carboxylic acid con-
taining alkyl radicals. They want to decrease the methanol permeability without
affecting ionic conductivity. CNTs concentration was less then percolation level to
avoid short circuit. Methanol permeability of the functionalized Nafion/MWCNTs
membrane was decreased by approximately 60%, while ionic conductivity
remained unchanged; 140 and 160% increment was observed in Young’s modulus
and this increment was achieved with the addition of 1 and 2 wt% of functionalized
MWCNTs, respectively [224].

Wang et al. [225] oxidized MWCNTs using H2O2 and then incorporated in
Nafion by solution casting method. Tensile strength of the Nafion membrane was
increased by 54% and the elongation at break was increased by 27% because of the
addition of oxidized MWCNTs.

While using CNTs to improve mechanical strength of a fuel cell membrane, one
has to be careful about the increased electrical conductivity of the membrane. CNTs
being electrically conducting in nature develops conduction pathway across the
membrane, which may cause short circuiting between two electrodes. To avoid
short circuiting either concentration of CNT should be below percolation level
[222] or there should be an insulating coating on both side of the membrane [223].
2–3 wt% can be given the threshold value [224, 225], for any specific system, real
values can only be established by trials and errors, because aspect ratio and intrinsic
electrical conductivity of CNTs effects on the development of electron conductive
network in polymer matrix. Electrical conductivity also depends on filler dispersion
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and orientation in polymer matrix, interactions with the matrix at the interfaces,
phase separation, etc. [226].

One of the most important factors towards the efficiency of a fuel cell is the
proton conductivity of the electrolyte membrane. Many researchers tried to improve
the proton conductivity of Nafion by introducing functionalized or pristine CNT,
fullerene, graphene, etc.

Chen et al. [227] prepared polysiloxane-functionalized MWCNTs by covalently
grafted hydrophilic layers of poly(oxyalkylene) diamines and tetraethyl
orthosilicate-reinforced polysiloxane. To form a proton-conducting membrane,
functionalized MWCNTs were blended with Nafion. The functionalization of
MWCNTs was performed to improve the dispersion and also to reduce the elec-
trical conductivity of MWCNTs. The composite membrane exhibited good proton
conduction of r = 2.8 � 10−2 S cm−1 at 30 °C and also maintains the proton
conduction at high temperatures (r = 6.3 � 10−2 S cm−1 at 130 °C) [227].

Asgari et al. [228] developed a Nafion®/histidine composite membrane, where
they modified the carbon nanotube with imidazole groups (Im-CNT) to use in
methanol fuel cell (DMFC) applications. Nafion®/CNT composites with 0.5% of
CNT loading membranes showed high proton conductivities and lower methanol
crossover than those of commercial Nafion® membranes at elevated temperatures.
61 mW cm−2 of power density have these nanocomposite membranes, whereas 42
mW cm−2 for Nafion® 117 (at 0.5 V and 5 M methanol concentration).

In Nafion sulfonic acid groups form ion channels, through which proton or ion
conduction takes place under humid condition. Hence, by increasing the number of
sulfonic acid groups in the Nafion, its proton conductivity could be improved.
Keeping this principle in mind, Kannan et al. [229] incorporated sulfonic acid
functionalized SWCNTs in Nafion, which increase the proton conductivity by one
order of magnitude.

Polybenzimidazole (PBI) membrane is generally doped with phosphoric acid to
achieve desired level of proton conductivity. Keeping this principle in mind,
Kannan et al.) [230] incorporated MWCNTs into polybenzimidazole membrane and
MWCNTs were functionalized with 2-aminoethylphosphonic acid. They reported
that proton conductivity is improved by 50% from 0.07 to 0.11 S.cm−1 [230].

Although most of the researcher found the improvement of ionic conductivity by
incorporating functionalized CNTs in Nafion membrane, Cele et al. found a small
decrease in ionic conductivity when oxidized MWCNTs or hexadecylamine func-
tionalized MWCNTs were incorporated in Nafion membrane. Their justification for
the decrease in ionic conductivity by using functionalized MWCNTs was because
of the poor dispersion of CNTs in Nafion or the presence of amine surfactant chains
on the outer layer of tubes [231].

Tasaki et al. [232] prepared the conducting composite membranes with doped
Nafion® 117 and fullerenes [C60 and polyhydroxy fullerene, C60(OH)n (n * 12)]
to be used as proton-conducting composite membranes. These Nafion®–fullerene–
composite membranes passes higher proton conductivities than Nafion® 117 at
both low (20 °C) and high (80 °C) temperatures under low relative humidity
(<50% RH).
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DeSousa et al. [233] prepared composite membrane of Nafion, fullerene, and
poly-hydroxyfullerene (PHF) by solution casting method. Some of these compos-
ites exhibited higher ion conductivity at low humidity conductivity compared to
that of Nafion [233].

GO/Nafion composite membranes were developed by Kumar et al. [234] for
given the applications in PEMFC. The proton conductivity at 4 wt% of GO/Nafion
composite was 0.078 S cm−1 which was higher than the Nafion 212 conductivity
(0.068 S cm−1) and Nafion recast membrane conductivity (0.043 S cm−1) at 30 °C
and 100% humidity. The fuel cell which is prepared with GO (4 wt%)/Nafion
composite membrane performance was good than that of Nafion recast and Nafion
212 under 25% relative humidity [234].

Xu et al. [235] developed the composites of GO/PBI and sulfonated GO (SGO)/
PBI composite membranes for their application in high temperature PEMFC. The
ionic conductivities of phosphoric acid doped PBI/GO and PBI/SGO membranes
were 0.027–0.052 S cm−1 at 175 °C and 0% RH. The highest power density of fuel
cell with SGO/PBI membrane was 600 mW cm−2 at 175 °C.

Lee et al. [236] synthesized the GO from graphite by using Hummer’s method.
They also deposited Pt nanoparticles onto GO by a microwave method, finally
producing Pt-G. Then they blended GO and Pt-G separately with Nafion to produce
GO/Nafion and Pt-G/Nafion composite membranes. Fuel cell was prepared with the
Nafion/GO composite membrane exhibited significant improvement in perfor-
mance. However, fuel cell which is prepared with the Pt-G/Nafion/composite
membrane did not exhibit significant performance.

Zarrin et al. [237] developed functionalized GO–Nafion (F-GO/Nafion)
composite membrane for using in high temperature PEMFC applications. They
produced GO from graphite by using modified Hummer’s method and
3-mercaptopropyl trimethoxysilane (MPTMS) was used to functionalized as the
sulfonic acid functional group precursor. Solution casting method was used to make
the F-GO/Nafion composite membranes. There was a significant improvement in
proton conductivity and single-cell performance (4 times) for F-GO/Nafion mem-
branes as compared with those of Nafion at 120 °C and 25% RH [237].

4.25 Field-Effect Transistor

The field-effect transistor (FET) is a transistor made of a semi-conductor material, in
where electric filed is control the one type of channel conductivity and shape charge
carrier. FETs involve in single-carrier-type operation with unipolar transistors
[238]. A scheme of FET is shown in Fig. 16. In FET, load path contains the
uniformly doped p- or n-doped piece of silicon which is called CHANNEL. This
channel has to very thin for functioning of the FET. “SOURCE” and “DRAIN” are
the terminals of the channel.

The source could be compared with the emitter and the drain with the collector
of bipolar transistors. Current can flow in any direction as the channel contains no
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junction. The control terminal of the FET is called the “GATE” which is located at
the sides of the channel. This gate is insulated from the channel to avoid flow of
current between gate and channel. A voltage is applied to the gate. If it repels the
majority of carriers of the doped channel, its resistance will increase if the con-
ductive area of the channel will decrease. So we can control the resistance of the
channel by control the electric filed of the gate [239].

Schießl et al. [240] developed the carbon nanotube polymer-sorted semi-
conducting networks for high-performance ambipolar FETs. They used atactic poly
(9-dodecyl-9-methyl-fluorene) (a-PF-1-12), a polyfluorene derivative with asym-
metric side-chains, for the selective dispersion of semi-conducting SWCNTs. These
FETs exhibited gains up to 61, can be operated at <3 V low voltages and not shown
any current hysteresis.

Chua et al. [241] developed a hybrid carbon nanotube/polymer hetero-interface
FET by drop-casting carbon nanotubes on top of the semi-conducting polymer. The
charge mobility in this FET is 10-fold higher than that of control device with
improved ON/OFF ratio.

Derenskyi et al. developed carbon nanotube-based ambipolar FET with 108 ON/
OFF ratio. They improved the dispersion of CNT by wrapping it with polymer and
semi-aligned networks were obtained by blade coating. The performance of FET
could be tuned by the choice of wrapping polymer, and its concentration [242].

Organic field-effect transistor was developed by Yasin et al. [243] by using the
blend of P3HT and PCBM as active layer [243]. Strain sensing properties of this
device was studied and the results found were satisfactory.

Marjanović et al. [244] developed the photoresponsive organic FET-based
fullerene/conjugated polymer solid state mixtures as active semi-conductor layer,
PVA or divinyl tetra methyl di siloxanebis (benzocyclobutene) (BCB) as the gate

Fig. 16 The schematic
diagram showing the principle
of the FET. Adopted from
[239]
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dielectrics and LiF/Al as the top source–drain contacts. These devices showed great
n-type transistor behavior [244].

Organic field-effect transistors (OFETs) prepared by solution casting usually
exhibit low mobilities with high ON/OFF ratios, where graphene-based transistors
usually exhibits very high mobilities with low ON/OFF ratios. This problem was
solved by developing the hybrid FETs with incorporation of both graphene and
organic semi-conductors. Huang et al. [245] developed polymeric semi-conductor/
graphene hybrid FET. Hybrid FETs exhibited up to 20 times high effective
mobilities, and thus comparable ON/OFF ratios compared to those of OFETs. The
results indicate that graphene can be incorporated in organic semi-conductor to
improve the performance of OFETs [246]. Similar approach was taken by Gemayel
et al. They blended exfoliated graphene with semi-conducting n-type polymer, P
(NDI2OD-T2), in liquid phase and fabricated hybrid FET. There was improvement
in device performance due to the addition of exfoliated graphene [245].

5 Conclusions

Carbon filler filled polymer composites are typically designed for given the
applications in different types of microelectronics with having high thermal con-
ductivity, low dielectric constant, low CTE, high electrical conductivity, low
density, ease of processability and low cost. Application of such composites in
microelectronics includes integrated circuit, printed circuit board, interconnections,
die attach, solder, lids/enclosure, heat sinks, electrical contacts, connectors, thermal
interface materials, etc.

Both carbon nanotubes and graphene are more suitable for a variety of opto-
electronic applications. Over the past few years, research interest is going on
SWCNT-based optoelectronics, in particular ultrafast pulse generation. This is
because of their excellent optoelectronic properties and easy device fabrication.
Graphene is also a strong competitor of CNTs in the photonics field and also in the
optoelectronics.

Nanotechnology is entirely involved in the design of advanced devices for
optoelectronic and electronic applications. Electronic devices dimensions entered in
the nanorange.

The use of carbon filler filled polymer nanocomposites in electronics and elec-
trical areas are quite diverse involving many developed applications and have been
proposed to use in different applications.

Carbon filler filled polymer nanocomposites are used in chemical sensors,
electro-catalysis, electroluminescent devices, batteries, memory devices and smart
windows. Another potential application includes supercapacitors, photovoltaic
(PV) cells and photodiodes, light-emitting diodes (LEDs) printable conductors and
field-effect transistors.

The high electrical conductivity of the carbon materials converts the insulator
polymers to an electrical conductor and these conducting composites are attracted to
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researchers due to its exceptional properties. The possible applications include
electromagnetic–reflective materials, shielding, static charge–dissipative materials,
conductive coatings, electronic dissipation, semi-conductor layers in high voltage
cables, super capacitors, electromechanical actuators and also applications in
electrodes.

Conjugated polymers with different types of nano-carbon fillers given the
applications in sensor field, including biosensors, gas sensors, and chemical sen-
sors. Nano-fillers which can be used in sensor applications are carbon nanotubes,
fullerene, graphene, etc.

The interest of graphene materials in electronics application is parallel with
carbon nanotubes. Sheet form of graphene may offer promising materials in
replacement to silicon. Polymer semi-conductor nanocomposites have many pos-
sibilities of applications in gas sensors, photovoltaic, catalysis, optical displays,
electrical devices, photoconductors, mechanics, and superconductor devices.

Although challenges are there with the processing of polymer nanocomposites
such as incorporation and alignment of nanomaterials inside a polymer matrices and
also dispersion of carbon-based nanomaterials. Despite these issues, literature
reported that their promising electrical and thermal properties make them an ideal
candidate for incorporation into a different types of functional materials and these
nanocomposites already been explored in a wide range of applications in electrical
and electronic sectors.

Researchers focused on their research to find out the methods which improve the
electrical and thermal properties of carbon materials and also try to achieve a good
dispersion of a carbon which enhances mechanical properties of the resultant
polymer nanocomposites. However, we believe that carbon nano-fillers filled
polymer nanocomposites might merge amazing nanomaterials for electronic
devices.
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Structural/Load-Bearing Characteristics
of Polymer–Carbon Composites

Madhab Bera, Pragya Gupta and Pradip K. Maji

Abstract In the last few years carbon-containing polymer composites have drawn
significant attention due to their light weight, high thermal stability, excellent
mechanical, and electrical property. Important characteristics of carbon-based
materials (CBMs) like high specific surface area and high strength have made them
as very good reinforcing filler for a wide range of polymers. The foremost aspi-
ration of this chapter is to establish a relationship between the structures and
load-bearing performance of carbon-containing polymer composites. Structural
diversities of CBMs such as carbon black, carbon fiber, carbon nanofiber, diamond,
nanodiamond, graphite, carbon nanotubes (CNTs), and graphene are reflected in the
differential load-bearing characteristics of their polymer composites. The chapter
also provides state-of-the-art information regarding the potential applications of
polymer/carbon composites.

Keywords Graphene � Carbon nanotubes (CNTs) � Fullerene � Graphite
Carbon fiber � Load-bearing characteristics

1 Introduction

Carbon is one of the most important and versatile elements of the periodic table. It
served the most to the mankind compared to any other elements. Sometimes, it
spellbound the mankind as sparkling diamond and sometime it serves as fuel. It is
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almost impossible to imagine life in this planet without carbon, because most of the
living organisms are made out of it. The most interesting feature of this material is
its ability to assume variety of forms by simple carbon–carbon linking. It can exist
in the form of diamond which is the strongest material in the world. It can also exist
in the form of graphite which is soft in nature. Other forms of carbon like fullerene,
carbon nanotubes (CNTs), graphene, carbon black, carbon fibers, and carbon
nanofibers are unveiling day by day. Although, the carbon-based materials (CBMs)
are structurally and property wise different from one another but one similarity
exists among them and that is they are all made out of carbon only. Hybridization
state of all these CBMs changes from sp2 to sp3 as shown in Fig. 1.

They have extraordinary physical and chemical properties like high strength,
excellent thermal and electrical conductivity, good corrosion resistance and
extraordinary thermal and mechanical stability. This uniqueness has drawn a great
attention to the researchers and scientists working all over the world. They are
working hard to make innovative products by utilizing these CBMs. Nowadays, the
use of CBMs is ubiquitous. They are being used in biological field, medicines and
energy storage, structural composite parts, etc.

Polymers are an indispensible part of carbon-containing polymer composites and
are usually of high molecular weight materials. They have low modulus and
strength. The deformability of complex structures and sliding of polymer chains
over one another makes them weak. Various reinforcing fillers like clay, silica,
CaCO3 can be used to improve the load-bearing characteristics (ability to carry
load) of polymers. One of the most important additions in the filler category is
carbon-based materials. Although, research on carbon-based polymer composites is
going from many decades but a major breakthrough in this field occurred after the
auspicious discovery of CNTs in 1991 by Japanese physicist Iijima [1] and gra-
phene by A. K. Geim and K. S. Novoselov from Manchester University in 2004 [2].
Thousands of research papers in SCI/Scopus database (between 2013 and 2018)
with the keywords “carbon nanotubes (CNTs)” and “graphene” proves it. Surface
chemistry of CBMs plays a significant role in determining the physical and
chemical properties of carbon-based materials and is greatly influenced by the
presence of heteroatoms like oxygen, nitrogen, sulfur, phosphorus, boron, etc. For
example, the electrical conductivity of graphene and carbon nanotubes increases
many fold with the incorporation of nitrogen, sulfur, or phosphorus heteroatoms in
the structures. Incorporation of oxygen makes CBMs polar and become compatible
with polar organic polymers. Unlike other traditional fillers like glass fiber, talc,

Fig. 1 Hybridization states of different carbon-based materials
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calcium carbonate, etc., most of the CBMs are of light weight and has high specific
surface area; hence, they can be used as efficient reinforcing material for a variety of
polymers, starting from thermoplastic to thermoset, rubber to elastomer. A small
amount of filler loading provides maximum reinforcement in the polymer matrix,
resulting light weight composite materials. In this chapter, we have elucidated the
effect of structure of CBMs and polymers on the load-bearing characteristics of the
nanocomposites and also their important applications in solar cells [3–7], battery
[8], supercapacitors [9], water purification membrane, automotive body parts [10,
11], packaging, infrastructure [12, 13], biomedical applications [14–22], electron-
ics, etc. Factors related to load-bearing characteristics of a composite material are
also important part of this chapter.

Overall, it gives state-of-the-art information regarding the load-bearing charac-
teristics of carbon-containing polymer composites and their potential applications in
various emerging areas.

2 Carbon-Based Materials

2.1 Classification of Carbon-Based Materials

Carbon atoms can link together in a variety of ways to produce structures having
completely different properties and thus forms the allotropes. Based on the structure
and properties, carbon-based materials can be classified into the following cate-
gories (Scheme 1).

Out of these eight categories carbon nanotube (CNT) and graphene are the two
most emerging CBMs having maximum scientific curiosity in the recent time.

2.2 Structure of Carbon-Based Materials

Structure of different carbon allotrope is very important in the load-bearing char-
acteristic of the composites. Concise information regarding every CBM has been
discussed as follows.

2.2.1 Graphene

Graphene is one of the most important carbon-based nanomaterials which is
recently at the center of scientific curiosity. The two-dimensional (2D) nanomaterial
has hexagonal close pack structure where every carbon atom is sp2 hybridized and
arranged in a honeycomb crystal lattice [23]. Graphene is nothing but the single
layer of multilayer material, graphite. Thickness of graphene layer is around
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0.30 nm. Due to the presence of long range p-conjugation, it has outstanding
physical properties. It is one of the strongest materials in the world with Young’s
modulus of 1 TPa and tensile strength of 130 GPa [24]. It has exceptionally high
thermal and electrical conductivity also. Thermal conductivity of graphene is as
high as 5000 W m−1 K−1 [25] and electrical conductivity can be more than
200,000 cm2 V−1 S−1 in suspended graphene [25]. Due to very high specific surface
area (*2630 m2/g) and high aspect ratio the material has an inherent tendency to
agglomeration. Hence, dispersion of this material to a variety of polymers is a big
challenge for the researchers. This limitation can be overcome by functionalization
of the material with some polar groups so that the agglomeration tendency is
reduced and the material become compatible with polymer matrix. In this context,
reduced graphene oxide (RGO) comes into the field which is almost similar to
pristine graphene in terms of structure and properties and has better compatibility
with a range of polymers due to presence of very less number of oxygen containing
functional groups.

Scheme 1 Classification of carbon-based materials
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Graphene is the building block of other carbon nanomaterials in other dimen-
sions. It can be rolled-up to make 1D CNTs, wrapped to make 0D buckyballs and
stacked together to make 3D graphite (Fig. 2).

2.2.2 Graphite and Graphite Nanoplatelets

Graphite is 3D soft and crystalline allotrope of carbon. It is formed by stacking
more than 100 number of atomically thick carbon layers. In graphite structure,
every carbon atom is sp2 hybridized and covalently bonded with three other carbon
atoms to forms hexagonal close pack structure. Although, the covalent bonding
among the carbon atoms of individual layers are very strong but the bonding among
the layers are very weak (Van der Waals forces). The layers can slide over one
another and makes it a softer material compared to diamond [26]. The interlayer
distance in graphite is 0.34 nm (Fig. 3). Inherent electrical conductivity is one of

Fig. 2 Graphene (top) is the 2D building block of other carbon-based materials of all other
dimensions. It can be wrapped up into 0D buckyballs (bottom left), rolled into 1D nanotubes
(bottom middle) or stacked into 3D graphite (bottom right). Reproduced with permission from Ref.
[23]. Copyright 2007, Springer Nature
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the most important properties of graphite that has been used in different speciality
applications.

Graphite nanoplatelets have similar structure to that of graphite, only the
inter-planer distance is greater than graphite. Its thickness is *10 nm and size
ranging from sub-micron to 15 lm or even greater. From the economic point of
view, this material is very less expensive than most other carbon-based materials. It
is 100 times cheaper than CNTs and has very good mechanical and electrical
properties [27]. This material can be used to make polymer nanocomposites that are
economically viable.

2.2.3 Carbon Nanotubes (CNTs)

Carbon nanotubes (CNTs) are one-dimensional (1D) crystalline allotropic form of
carbon having diameter in nanometer scale and length of several micrometers. They
have hollow cylindrical structure with wall made up with atomically thick 2D
(graphene) material [28]. Based on the number of layers in the wall, CNTs can be
classified into single walled carbon nanotube (SWNTs) and multiwalled carbon
nanotubes (MWNTs) [29] (Fig. 4). The structure of SWNTs can be imagined to
form by rolling up a single sheet of graphene into a cylindrical shape. Chirality of
nanotubes is dependent on the way graphene sheet is rolled and represented by a
pair of miller indices (n, m). The roll up vector is represented as Ch = nā1 + mā2.
Here, the integer “n” and “m” denotes the number of unit vectors (a1, a2) along two
directions of graphene crystal lattice. Depending on the values of “n” and “m” there
exist three different configurations of CNTs. If m = 0, the nanotubes are called
zigzag nanotubes. If, n = m the nanotubes are called armchair nanotubes. In all
other cases (n 6¼ m) the nanotubes are called chiral nanotubes (Fig. 5) and its chiral
angle (h) is within 0°–30° [30]. Single-walled carbon nanotubes are an important

Fig. 3 Schematic crystal
structure of graphite showing
sp2 hybridization state [26]
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Fig. 4 Schematic diagram of single wall carbon nanotube (SWNTs) and multi wall carbon
nanotubes (MWNTs) [29]

Fig. 5 A graphene sheet is rolled to show the formation of different types of SWNTs. Reproduced
with permission from Ref. [30]. Copyright 2009, Royal Society of Chemistry
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member of carbon filler family because their properties changes significantly with
(n, m). Diameter (d) of the nanotubes can be calculated from the Eq. (1) by using
the n and m value and chiral angle can be calculated from Eq. (2)

d ¼ a
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 þ nmþm2ð Þ

p
ð1Þ

cos h ¼ 2nþmð Þ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 þ nmþm2ð Þp ð2Þ

The diameter of SWNTs is *1 nm where the same for MWNTs are 5–50 nm.
SWNTs provide better reinforcing effect compared to MWNTs at the similar
loading due to high specific surface area [30].

In case of multiwalled carbon nanotubes, the number of graphene layer in the
wall is more than two and the interlayer distance between the layers is same as it
found in graphite (0.34 nm). In MWNTs individual layers are held together by van
der Waal forces or more specifically p–p stacking. Due to extended conjugated
structure, CNTs have extraordinary thermal and electrical conductivity and very
good mechanical properties.

2.2.4 Fullerene

Fullerenes are the third allotropic form of carbon after graphite and diamond and
have a variety of shapes [31]. The zero dimensional (0D) nanomaterials may exist
in the form of hollow sphere, ellipsoid and many other shapes. Spherical fullerene,
similar to the shape of a football, containing 60 carbon atoms or buckminster
fullerene (C60)is the most popular among the scientists and researchers. It is so
popular that when we are talking about fullerene we mean to say about C60.

Although, other forms of fullerenes like C20, C50, C24, C70, etc., are also exist
(Fig. 6). Structure of fullerene is quite similar to that of graphite, i.e., stacking of
several layers of hexagonal graphene sheets. Fullerenes may have pentagonal or
heptagonal rings in their structure. Every carbon atom in fullerene is sp2 hybridized.
The hexagonal graphene sheet is bent to form a closed sphere. This kind of bending
introduces angular strain within the structure making fullerene highly reactive and
susceptible for organic modification. Solubility of fullerenes is an important crite-
rion for making polymer/fullerene composite by solution casting method [31]. Most
of the fullerenes are insoluble or sparingly soluble in most of the solvents.
However, only C60 is easily soluble in toluene and carbon disulfide at room
temperature.
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2.2.5 Diamond

Diamond is extremely hard, transparent, and crystalline allotrope of carbon having
tetrahedral structure. All the carbon atoms in diamond are sp3 hybridized and
strongly bonded (r bonding) with neighboring carbon atoms forming a giant-like
tetrahedral structure (Fig. 7). This kind of giant like structure makes it the toughest
and strongest inert solid with high thermal conductivity and optical transparency.
Since, the entire valence electros are used up for forming covalent bonds, there is no
free electrons to conduct electricity. Diamond is electrically insulator. Silicon,
Germanium and Gallium has similar kind of crystal structure.

2.2.6 Nanodiamond

Structure of nanodiamond is little bit complicated consisting of three layers; (i) the
diamond core is made up with sp3 hybridized carbon atoms; (ii) fullerene like shell
of sp2 hybridized carbon atoms partially covers the core and (iii) the outer layer
consists of carbon atoms which forms functional groups by terminating with
hydrogen and oxygen atoms (Fig. 8a). Various functional groups are identified on

Fig. 6 Schematic structure of fullerene molecules [31]
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ND surface. They may be hydrocarbons like –CH3, –CH2 and –CH in different
configurations or oxygen containing functional groups like ether (–C–O–C–),
carboxylic acid (–COOH), carbonyl (–C=O) and lactone (–O–C=O), etc. (Fig. 8b).
On the basis of particle size, nanodiamond particles are classified into three cate-
gories, (i) nanocrystalline particles (ii) ultra-nanocrystalline particles and (iii) dia-
mondiods. Size of nanocrystalline particles are in the range of tens of micrometer
while the same for ultra-nanocrystalline particles are within several nanometers and
for diamondiods particles it normally lies within 1–2 nm. Average size of ND
particles is 2–8 nm. Although, the size may be varied up to 20–25 nm depending
on the process variables like weight of the explosive charge [32]. Nanodiamonds
are non toxic. They have excellent mechanical properties, high surface area,

Fig. 7 Schematic crystal structure of diamond [32]

Fig. 8 a Model of nanodiamond structure; b schematic representation of various functional
groups present on nanodiamond surface [33]
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hardness, chemical stability and tunable surface chemistry and hence they can be
used in microelectronic devices, super hard coating, antifriction coating, biomedical
applications, etc.

2.2.7 Carbon Fiber (CFs)

Carbon fiber is an important member of carbon family. It is a fiber like
non-crystalline material with diameter 5–10 lm and consists of mostly carbon
atoms (Fig. 9). The material contains around 92% carbon where every carbon is sp2

hybridized and strongly bonded with one another. This kind of strong inter-carbon
bonding provides carbon fiber excellent mechanical property and chemical stability.
It has very high tensile strength (2–7 GPa), tensile modulus (200–900 GPa), and
low density (1.75–2.20 g/cm3). Carbon fiber has also excellent thermal and elec-
trical conductivity but has low thermal expansion coefficient. One interesting
observation about carbon fiber is that although it is four times lighter than steel but
it is many times stronger. This is the prime advantage of carbon fiber to develop
light weight composite materials for structural applications [34, 35].

2.2.8 Carbon Nanofiber (CNFs)

Carbon nanofiber (CNFs) or vapor-grown carbon nanofiber (VGCNFs) are
one-dimensional nanomaterials with cylindrical structure. In CNFs structure gra-
phene layers are stacked together in different arrangements like cone, plate, or
cup. Typical diameter for VGCNF is 50–200 nm and length can be up to 100 lm.
Because of very high aspect ratio (250–2000) CNFs can act as efficient reinforcing
filler for a wide range of polymers [35]. CNFs are usually synthesized by catalytic
chemical vapor deposition (CCVD) or simply chemical vapor deposition

Fig. 9 Cross section of carbon fiber showing the microstructure
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(CVD) and electro spinning method. Two types of CNFs are synthesized by CCVD
method: cup-stacked CNF and the platelet CNF (Fig. 10). CNFs produced by
electro-spinning method have a tendency to form web or mat like structure. This
type of materials is specially recommended for batteries and/or supercapacitors
applications [36].

There are certain basic differences between carbon fibers (CFs) and carbon
nanofibers (CNFs): one important difference is obviously the diameter. CFs have
diameter of several micrometer whereas the diameters of CNFs are 50–200 nm
only. So, CNFs acts as better reinforcing filler compared to CFs due to its high
surface area. The structure and preparation method of the two materials are quite
different. These two materials are widely used in energy storage device and rein-
forced composites.

2.2.9 Carbon Black

Carbon black is a colloidal form of elemental carbon, synthesized by incomplete
combustion of oils or natural gases. Carbon black particles are normally spherical in
shape with particle size ranging from 10 nm to 500 nm. Particle size of carbon
black is determined by Iodine (I2) adsorption test [37] and surface area is deter-
mined by Brunauer–Emmett–Teller (BET) nitrogen adsorption test. Due to very
high specific surface area and surface energy, carbon black particles have a natural

Fig. 10 Schematic representation of cup-stacked CNF structure a–c; and d platelet CNF structure.
[36]
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tendency to fuse together and form aggregates. These are called the structure of
carbon black (Fig. 11a). There are two types of structures for carbon black, low
structure (Fig. 11b) and high structure (Fig. 11c). When large number of individual
carbon black particles are fused together to form a long and branched chain
(grape-like structure), it is called high structure. This kind of carbon black is perfect
for reinforcement of compounds, where desired conductivity can be achieved at
very lower loading. In case of low structure, small number of individual carbon
black particles are fused together to form short and linear structures [38, 39].
Structure of carbon black is determined by dibutyl phthalate (DBP) absorption test
and expressed as number of cm3of DBP absorbed by 100 g of carbon black.
Normally, increase in structure size leads to an increase in dispersibility of the
particles but decreases the blackness. Other properties related to carbon black
structure are shown in Table 1. The blackness is also related to particle size of the
carbon black. Smaller the particle size, greater is the darkness/tinting strength of
carbon black but poor dispersibility. This is due to strong cohesive forces among
the carbon black particles. Based on the abrasion resistance, extrusion rate, man-
ufacturing process, structure and surface area, ASTM D1765 [40] has classified
carbon blacks into certain categories as shown in Table 2.

Fig. 11 a Schematic representation of particle size, structure and surface chemistry of carbon
black, b low structure carbon black c high structure carbon black

Table 1 Effect of structure
on compound properties [39]

Property High structure Low structure

Dispersibility Easier More difficult

Adsorption Low High

Wetting Slower Faster

Gloss Lower Higher

Conductivity Higher Lower

Viscosity Higher Lower

Loading capacity Lower Higher

Tint strength Lower Higher
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In Table 2, the letter “N” indicates the normal rate of curing. In some cases the
alphabet “S” is used which indicates slow curing rate. The first numeral, immedi-
ately after the alphabet indicates the particle size range which increases with the
increase in number. The remaining two numerals are selected arbitrarily. In case of
carbon black with standard level of structure, the second numeral is always the
repeat of first numeral and the third numeral is kept as zero [39].

2.3 Comparison of Physical and Mechanical Properties
of CBMs

The versatile material, carbon can exists in different allotropic forms having dif-
ferent crystal structures. Due to the structural diversity of CBMs, their physical and
mechanical properties become distinctly different. The physical and mechanical
properties of all the CBMs are summarized in Table 3 for better clarity and
understanding.

3 Properties Related to Load-Bearing Characteristics
of Carbon-Containing Polymer Composites

In order to understand the load-bearing characteristics of carbon-containing poly-
mer composites, it is almost essential to have an elementary insight regarding the
basic properties that are related to load-bearing characteristics. Strength, modulus of

Table 2 Typical rubber grade carbon blacks with their particle size and surface area [40]

Name Standard
abbreviation

ASTM
designation

Particle size
(nm)

Avg. N2 surface
area (m2/g)

Super abrasion
furnace

SAF N110 15–18 124–130

Intermediate
SAF

ISAF N220 20–25 112–115

High abrasion
furnace

HAF N330 28–36 76–80

Fast extrusion
furnace

FEF N550 39–55 39–41

General purpose
furnace

GPF N660 56–70 34–36

Semi reinforcing
furnace

SRF N770 71–96 31–32

Fine thermal FT N880 180–200 17–20

Medium thermal MT N990 250–350 7–9

470 M. Bera et al.



T
ab

le
3

Im
po

rt
an
t
m
ec
ha
ni
ca
l
an
d
ph

ys
ic
al

pr
op

er
tie
s
of

C
B
M
s

C
ar
bo

n-
ba
se
d

m
at
er
ia
ls

M
or
ph

ol
og

y
D
ia
m
et
er

d /
th
ic
kn

es
st
(n
m
)

D
en
si
ty

(g
/c
m

3 )
A
sp
ec
t
ra
tio

(L
/D
)

Sp
ec
ifi
c
su
rf
ac
e

ar
ea

(m
2 /
g)

T
en
si
le

st
re
ng

th
M
od

ul
us

(T
Pa
)

R
ef
er
en
ce

N
o.

N
an
od

ia
m
on

d
Pa
rt
ic
le
s:

3D
2–

8d
…

…
.

…
…

..
…

…
…

.
…

…
…

…
…

..
[3
3]

C
ar
bo

n
bl
ac
k

Pa
rt
ic
le
s:

3D
10

–
50

0d
…

…
..

…
…

.
10

–
25

0
8– 25

.2
M
Pa

…
…

…
[3
9,

40
]

C
ar
bo

n
fi
be
r

R
od

:
2D

50
00

–
10

,0
00

d
1.
75
–
2.
2

44
0

…
…

…
.

2–
7
G
Pa

0.
2–

0.
90

[7
4,

75
]

C
ar
bo

n
na
no

fi
be
r

C
yl
in
dr
ic
al
:

1D
50

–
20

0
2

25
0–

20
00

…
…

…
..

2.
92

G
Pa

0.
24

[7
5]

Fu
lle
re
ne

D
ot
:
0D

0.
4–

1.
20

d
…

…
..

…
…

.
…

…
…

…
…

…
.

…
…

…
[5
9]

G
ra
ph

ite
E
lli
ps
oi
d:

3D
20

00
–
20

0,
00

0
2.
26

…
…

…
…

.
13

0
G
Pa

1
[2
9]

G
ra
ph

ite
na
no

pl
at
el
et
s

E
lli
ps
oi
d:

2D
10

t
…

…
…

…
…

..
…

…
…

…
…

..
…

…
[2
7]

SW
N
T
s

N
ee
dl
es
:
1D

0.
5–

2d
0.
80

10
0–

10
,0
00

40
50

–
50

0
G
Pa

*
1

[2
9,

75
]

M
W
N
T
s

N
ee
dl
es
:
1D

5–
50

d
1.
80

10
0–

10
00

0
…

…
…

.
10

–
60

G
Pa

*
0.
3–
1.
0

[2
9,

75
]

G
ra
ph

en
e

Fl
ak
es
:
2D

0.
30

t
…

…
.

…
…

..
26

30
13

0
G
Pa

1
[2
]

Structural/Load-Bearing Characteristics of Polymer–Carbon … 471



elasticity, stiffness, hardness, toughness, ductility, fatigue, creep, temperature
resistance and corrosion resistance are the most important properties for
load-bearing capacity of the composite.

3.1 Strength

Strength is the ability of a material to withstand load without being failure or plastic
deformation. Strength may be of three types: tensile strength, compressive
strength or compression strength and flexural strength. Amount of stress required
for complete failure of a material is called its ultimate tensile strength (UTS) or
tensile strength. It is remarkably different from the modulus of a material. Flexural
strength is defined as the stress at failure in bending test. It is normally measured by
three point bending test. Compressive strength or compression strength is the ability
of a material or structure to withstand the load against compression. So, com-
pression strength and tensile strength are just opposite to each other. The former
withstand load which tends to reduce the size whereas the later withstands loads
which tends to elongate the material. Strength of a carbon-containing composite
material primarily dependent on the strength of the CBM used in composite and the
strength of the polymer matrix. For polymer composites the term tensile strength
has the maximum use.

3.2 Modulus of Elasticity

Modulus of elasticity or elastic modulus is defined as a measure of resistance of a
material or an object against elastic deformation. It is normally expressed as stress/
strain in the elastic region of stress versus strain curve (Eq. 3).

Elasticmodulus (E) ¼ Stress
Strain

¼ ðForce=AreaÞ
ðIncreased length=Initial lengthÞ ¼

ðF=AÞ
ðl=LÞ ; ð3Þ

where, F is the applied force, A is the cross-sectional area of the test specimen; L is
the gauge length of the specimen; l is the increased length.

3.3 Stiffness

Stiffness is the ability of a material to resists deformation when external force is
applied. Stiffness is related to the structure of the material (Eq. 4).
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Stiffness kð Þ ¼ F
l
; ð4Þ

where, F is the applied force and l is the change in length
So, a material having high elastic modulus is a stiff material.

3.4 Hardness

Hardness is an important mechanical property of a material used in coating,
adhesives, hose pipes, etc. It is a measure of resistance of a material to plastic
deformation. However, it can also be defined as the resistance to scratching,
abrasion, or corrosion of a material. It is normally measured from the resistance of
indention of an indenter. Durometer shore hardness is commonly used for polymers
and its composites. It has two different scale Shore A and Shore D. Shore A is used
for soft materials like rubber, elastomers, etc., and shore D scale is used for hard
materials like cross-linked rubber and hard plastics. In both the scales, higher value
indicates higher hardness of the material. The most well-known hard material is
diamond and examples of soft materials are rubber, plastics, and their composites.
Hardness is related to elastic modulus or stiffness of a material. Materials having
high elastic modulus and stiffness will have high hardness.

3.5 Toughness

Toughness is the ability of a material to absorb energy and plastically deformed
without being failure. So, in another term it is the absorbed energy per unit volume
before failure. It is calculated by integrating a stress–strain curve (Eq. 5).

Toughness ¼ Energy
Volume

¼
Z�f

0

rd� ð5Þ

where,

� is strain
�f is strain up to failure
r is stress

Normally, the total area under the stress–strain curve is the measure of tough-
ness. Toughness of a composite material is important to make a balance between
ductility and brittleness.
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3.6 Ductility

Ductility is the ability of a solid material to be deformed under tensile loading.
There is a direct correlation between ductility and toughness. Because ductile
materials are normally tough and non-ductile materials are brittle. When a material
is stretched up to the plastic deformation limit and then the stress is withdrawn
suddenly. The stress–strain curve is not ended up with zero strain although stress
value is zero. That means some strain still remains within the material and that is the
origin of the material’s ductility. If the stress–strain curve of a material is com-
pletely linear up to the breaking point (like hard steel) then the material has very
little ductility. Materials having stress–strain curve with very long region after the
yield point (like rubber, plastics, and polymer composites) are ductile.

3.7 Fatigue

It is the weakening of a material caused by cyclic loading. If a material is subjected
to alternating stresses then the material will fail at much lower stress than the tensile
strength of the original material. The reason behind such behavior may be due to the
internal structural breakdown or molecular chain scission by cyclic loading which
creates microcracks within the materials and hence fails at much lower stress.

3.8 Creep

Creep is defined as the time-dependent permanent deformation or plastic defor-
mation of a material when the applied load remains constant. Creep does not occur
immediately after the application of stress, it is a time dependent phenomenon.
Creep value depends on the amount of stress applied, time duration and tempera-
ture. It is one of the major limitations of polymeric composite materials used in
structural application. Creep value normally increases with increase in temperature.

3.9 Temperature Resistance

It is defined as the ability of a material to withstand higher temperature without
getting decomposed or changed. Normally, temperature effect on a composite
material by three ways: (i) Individual components present inside the composite
material may react chemically in presence of high temperature. Although this effect
is not so prominent for in situ synthesized polymer composites, (ii) the difference in
thermal expansion coefficient between polymer and filler generates internal stress
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and cracks, (iii) most materials exhibit creep behavior at high temperature. So, for
higher load-bearing capacity, the composite material must have high temperature
resistance.

3.10 Corrosion Resistance

Corrosion resistance of a material is its ability to withstand damage caused by
temperature, chemicals or surrounding environment. Various cracks and scratches
are on the composite surface because of corrosion which ultimately reduces the
load-bearing capacity of the composite material. Hence, good corrosion resistance
material has higher load-bearing capacity.

4 Load-Bearing Mechanisms of Carbon-Containing
Polymer Composites

Mechanical properties like modulus, tensile strength, hardness, toughness, etc., of a
composite material is related to its load-bearing efficiency. Normally, reinforcing
fillers have greater modulus and tensile strength than polymer matrix [13].
Incorporation of reinforcing filler (CBMs) into the matrix leads to an increase in
tensile strength and modulus. The question is how the load is being transferred. To
get an explanation let us consider a simple fact that at a particular strain; filler
carries more load than polymer. So, the load or stress is being transferred from
matrix to the fillers via shear stress at filler/matrix interface and there is no stress at
the end of the composite. The rate of load transfer is directly related to this inter-
facial shear stress [41]. Here, the structure of filler and the polymer plays an
important role. Carbon-based materials have significantly different structures. Some
are spherical or rod like, others are cylindrical- or flake-like structure. Their aspect
ratio and mechanical properties are also different. They have different load-bearing
capacity; but, the basic load-carrying mechanism is same for all cases. Thakur et al.
[42] proposed a simple mechanism for the huge improvement in mechanical
properties of hyper branched polyurethane (HPU)/functionalized reduced graphene
oxide (f-RGO). According to their explanation toughness originates from the sec-
ondary bonds present between the polymer chains. At higher loading the secondary
bonds ruptured and this allows to extend the long hidden polymer chains length,
maintaining the structural integrity. The weak interlayer interaction between f-RGO
sheets is also overcome by the applied load and the f-RGO sheets slide pass over
one another, without damaging the original sheet like structure (Fig. 12).

During this process significant amount of energy is released. This increases the
toughness of the material and the combine influence of polymer chain decoiling and
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f-RGO sheets slipping increases the elongation at break of the composite materials.
Due to the strong H-bonding interaction between f-RGO and polyurethane chains,
the modulus and tensile strength of the composite materials increases.

5 Factors Influencing the Load-Bearing Characteristics
of Carbon-Containing Polymer Composites

In any composite materials, load-bearing characteristics depends on a number of
parameters: (i) nature of polymer and fillers (ii) dispersion of CBMs within the
polymer matrix, (iii) loading of CBMs, (iv)interfacial interaction between polymer
and CBMs, (v) notches and cracks on the materials and (vi) ambient conditions.

5.1 Nature of Polymer and Filler

Polymer composite consists of a continuous phase called polymer and a discon-
tinuous phase or filler. Normally, fillers have better mechanical properties compared
to that of polymers. In polymer composite most of the load is carried out by the
fillers. For carbon-containing polymer composites CBMs acts as reinforcing filler
and increases the load-bearing characteristics of the material. This can be proved
from the basic equations of composites (Eqs. 6 and 7).

Fig. 12 Plausible Mechanism of High Elongation and Toughness of HPU/f-RGO
Nanocomposites. Reproduced with permission from Ref. [42]. Copyright 2014, American
Chemical Society
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Modulus of polymer composite in longitudinal direction

ðEcÞ ¼ EmVm þEfVfð Þ ð6Þ

The same in transverse direction
1
E0
c
¼ Em

Vm
þ Ef

Vf

� �
; ð7Þ

where, Em and Ef are the modulus of polymer and filler respectively; Vm and Vf are
the volume fraction of polymer and filler respectively; Ec and E0

c are the modulus of
carbon-containing polymer nanocomposites in longitudinal and transverse direction
respectively.

Table 3 illustrates the mechanical properties of different CBMs. From the basic
equation of composite (Eqs. 6 and 7), it is clear that for different combinations of
polymer and CBM, load-bearing characteristics will be different. For example, with
the incorporation of 1 wt% of MWNTs to the polypropylene matrix, tensile strength
increases by 20% and Young’s modulus increases by 15%. In case of Nylon-6
under identical condition tensile strength increases by 120% and Young’s modulus
increases by 110% [43]. This is due to better mechanical properties of Nylon-6 over
polypropylene.

5.2 Dispersion of CBMs

Homogeneous dispersion of CBMs into the polymer matrix is one of the most
important criterions for designing high-performance composite materials. But, it is
very difficult to disperse carbon-based nanofillers like graphene, CNTs, fullerene,
carbon nanofibers, etc., within the polymer matrix. Because of very high specific
surface area and high aspect ratio, the nanofillers have a natural tendency of
aggregation. So, uniform dispersion of fillers is a great challenge to the material
scientists and engineers. Non-uniform dispersion of filler leads to inferior
load-bearing characteristics and hence poor mechanical properties of the compos-
ites [44]. Various studies suggest that three different kinds of morphological states
(phase separated, intercalated, and exfoliated) exist in graphene, CNT, graphite
nanoplatelets based polymer composites [45] based on the degree of filler disper-
sion (Fig. 13). Among these three morphological states exfoliated structure indi-
cates the best filler dispersion, best load-bearing characteristics and hence best
mechanical properties to the composites. The morphological differences can be
observed through transmission electron microscopy (TEM), field emission scanning
electron microscopy (FESEM) and atomic force microscopy (AFM) instruments
and reflected in the mechanical and other properties.
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5.3 Loading of CBMs

The concept of polymer composite was first come aiming to decrease the price of
finished products by incorporating various kinds of low-cost fillers into the polymer
matrix. But, with time it is found that filler not only reduce the price of final
products but also increases the strength and load-bearing characteristics of the
finished materials. It is quite obvious that increased filler loading leads to an
increase in load-bearing characteristics of polymer composites but up to a certain
limit; after which aggregation takes place causing a deterioration of the mechanical
properties. For example, in case of PVDF/NDs composite tensile strength and
Young’s modulus increases with increase in NDs loading from 0 to 5% and at 5%
loading, tensile strength increases by 105% and Young’s modulus increases by

Fig. 13 Schematic representation of three different morphological states of graphene-polymer
nanocomposites; a phase separated, b intercalated, c exfoliated [45]

Fig. 14 stress–strain curve of PVDF/NDs composites at different loading of NDs [46]
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110% [46]. The corresponding stress–strain curve is shown in Fig. 14. Similar type
of improvement in mechanical properties is found with many other combinations of
polymer/CBMs [47–49]. So, it is quite clear that the filler loading has an important
role in the load-bearing capacity of carbon-containing polymer composites.

5.4 Interfacial Interaction Between Polymer and CBMs

Load-bearing characteristics of carbon-containing polymer composites depend to a
great extent on the interfacial interaction between filler and polymer. For example,
HIT and J-1 sizing agents are used to modify carbon fiber surface in order to
improve the interfacial interaction between CFs and polymer as well as
load-bearing capacity of the composite [50, 51]. Sizing agents are normally poly-
meric materials and are coated onto the carbon fiber surface during their manu-
facturing. Zhang et al. [52] studied the effect of sizing agent concentration on the
mechanical properties of CFs and its composites at three different concentrations (1,
1.5, and 2 wt%) and found best results with 1.5 wt% loading of sizing agent. Ding
et al. [53] also reported that interfacial interaction between polypropylene and
carbon black increases with increase in the loading of silane coupling agent which
was reflected from the improved mechanical properties of polypropylene/CB
composites. Silane coupling agent was also used in HDPE/carbon black [54] and
NR/carbon black composites [55]. Interfacial interaction between carbon black and
SBR rubber can also be improved by physical activation of carbon black with CO2.

Fig. 15 Different types of surface modifications of NDs. Reproduced with permission from Ref.
[57] Copyright 2011, Springer Nature
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It develops surface heterogeneity of carbon black and hence increases the degree of
adhesion between carbon black and SBR rubber [56]. In order to increase interfacial
interactions, graphite is sometimes oxidized to synthesize graphite oxide which
increases the interaction between polymer and filler. Kausar et al. [31] reported that
the interfacial interaction between carbon fiber and epoxy resin increases with the
addition of 2 wt% fullerene. Different type of surface modifications is also done to
improve the interaction between NDs and polymers (Fig. 15). Similar to NDs, the
surface of CNTs are also modified by attaching –NH2, –COOH and –C=O func-
tional groups to improve the interaction between CNTs and polymers [28].

5.5 Notches and Cracks

Microscopic cracks and notches generated in composite materials during process-
ing, handling, transport, and service life also affect the load-bearing capacity of the
composite materials. Cracks generated during service are mainly due to mechanical
loading and long-term cyclic stress. Although, temperature, humidity, chemicals,
UV radiation, and the presence of structural flaws also have some influence in crack
generation. A detailed study about the formation, propagation, detection, and pre-
vention of these notches and cracks are very important to monitor the load-bearing
capacity. When energy required for crack growth is equal or larger than the energy
required for the creation of a new surface, crack will propagate [58]. The reasons for
crack generation are elaborated as follows.

5.5.1 UV Radiation

Upon long-term exposure of ultra-violet (UV) light, UV photons are absorbed by
the polymer chains present in carbon-containing polymer composites and undergo
photo-oxidation which leads to scission of polymer chains and/or cross-linking.
Molecular chain scission generates polymer radicals and reduces the molecular
weight (Fig. 16). Whereas, chain cross-linking makes the structure too much brittle,
reduces the molecular mobility, and thus introduces microcracks within the com-
posite structure. This kind of microcracks reduces the load-bearing capacity of the
composite materials.

5.5.2 Thermal Effect

The thermal effect for crack generation it is very simple. Under extreme heating
condition, there occurs a temperature gradient between the surface and the bulk of
the composite material which introduces thermal stress to the material. This thermal
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stress is responsible for the initiation and growth of cracks. This type of cracking
observed in carbon-epoxy composite [43].

5.5.3 Hydrothermal Aging

Carbon-based polymer composites are used in many structural applications like
aerospace, automotive structure, building materials, etc. which are directly exposed
to hydrothermal environments. Hydrothermal environment is an environment where
combined effect of heat and moisture or humidity is present. Since many polymers
absorb water or moisture they are getting swelled out of it. Also, by the capillary
action of CBMs, it is easily transported to the fiber–matrix interface and reduces the
interfacial bonding interaction. Under the combined influence of absorbed water
and high temperature, some microcracks are generated at the interface which
propagates with time. Thus, the load-bearing capacity of the composite will
decrease.

5.5.4 Chemical Environment

Sometimes polymer nanocomposites are used in some harsh chemical environment.
For example, the material used in marine structure always remains in highly salty
ambient. In some other cases harsh acid or basic ambient also facilitate the gen-
eration of microcracks. Vinyl ester, epoxy and polyester resin based composites are
normally used under such chemical environments.

Fig. 16 Effect of UV light on molecular chain scission on long-term exposure
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5.6 Surrounding Environmental Condition

Environmental conditions also play a key role in the load-bearing capacity of
carbon-containing polymer composites. Parameters related to ambient conditions
are temperature, humidity, chemicals, and UV radiation. All these ambient condi-
tions are also related to the generation of cracks and notches and have been dis-
cussed in the respective section elaborately.

6 Load-Bearing Behavior of Different Carbon-Containing
Polymer Composites

6.1 Diamond and Nanodiamond/Polymer Composites

Since nanodiamond particles are very small (2–8 nm) they have very high surface
area and surface energy and have a natural tendency of aggregation. Various
modifications of NDs surface has been done to increase the compatibility between
polymer and NDs. Jee et al. [59] reported that Young’s modulus and hardness of
LDPE/NDs composites enhance with increase in NDs loading and length of alkyl
groups (Fig. 17). According to their observation, hardness increases by 4.5 times
and Young’s modulus increases by 2.5 times with the incorporation of 11 wt%
ethylhexyl modified NDs. The structure and mechanical properties of NDs rein-
forced polymer composites have been investigated by other researchers also. Zhang
et al. [60] have investigated the hardness and Young’s modulus of ND/polyimide
composites by nanoindentation method and found 15% increase in hardness and
30% increase in Young’s modulus at 5 wt% loading of NDs. Behler et al. [61] have
also measured the mechanical properties of ND/polyamide composites and

Fig. 17 Variation of a Young’s modulus and b hardness of different alkyl chain functionalized
NDs/LDPE composites as a function of NDs content. Reproduced with permission from Ref. [59]
Copyright 2011, Elsevier
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observed about two times increase in hardness and four times increase in Young’s
modulus with 20 wt% NDs. Neitzel et al. [62] reported 470% increase in Young’s
modulus and 300% increase in hardness of epoxy resin by adding 25 vol.% nan-
odiamond. Morimune et al. [63] synthesized poly- (vinyl alcohol) (PVA)/ND
nanocomposites by solvent casting method and found 250% increase in Young’s
modulus and 40% increase in tensile strength of PVA with the addition of 1 wt%
NDs.

6.2 Carbon Black/Polymer Composites

Carbon black is mostly used as a reinforcing filler to increase the mechanical,
electrical and abrasion resistance property of polymers. About 90% of total carbon
black manufactured worldwide is used in automotive tire industry to improve tear
strength, modulus, and wear characteristics of the tires. The reinforcing nature of
carbon black strongly depends on its surface area (type of carbon black) and their
effect is reflected in the mechanical properties of their composite. Li et al. [64]
observed that for ethylene-propylene-diene rubber(EPDM)/carbon black composite
hardness, tensile strength, and modulus increases with increase in surface area of
carbon black at 30 phr loading (Table 4). For SBR/carbon black (surface area =
80 m2/g) composite tensile strength, tear strength and hardness increases by 895,
256, and 27% respectively with the addition of 20 phr carbon black after that the
same decreases [65]. Natural rubber (NR)/carbon black composites are also used in
the tire tread, sidewall to improve fuel efficiency (10%) and decreases rolling
resistance (20%). Liang et al. [54] reported HDPE/silane coupling agent treated
carbon black composites where mechanical properties like tensile strength, flexural
strength, flexural modulus, and elongation at break increases up to 5 wt% loading of
CB. Ao et al. [56] reported that mechanical property of N330 carbon black filled
SBR rubber composite can be improved by using activated carbon black. According
to the observation tensile strength and modulus increases up to 30 phr loading of
carbon black. Shooli et al. [66] reported that tensile strength of 50:50 mixtures of
SBR and epoxidized NR is increased by 158% with the addition of 35 phr carbon

Table 4 Mechanical properties of EPDM/carbon black composites. Reproduced with permission
from Ref. [64] Copyright 2008, BME-PT and GTE

Properties N770 N550 N330 N472

BET surface area (m2/g) 15.80 37.80 81.10 1039.50

Hardness (Shore A) 52 60 59 79

300% modulus (MPa) 2.91 5.17 5.23 15.12

Tensile strength (MPa) 12.12 15.04 18.38 17.76

Elongation at break (%) 640 526 571 345

Structural/Load-Bearing Characteristics of Polymer–Carbon … 483



black (N330) and the improvement become more significant when mixed filler is
used.

At the loading of 10 phr nanoclay and 20 phr carbon black, tensile strength,
elastic modulus, loss factor, and abrasion resistance of the composites increases
more compared to 35 phr carbon black filled composite. Also, the thermal stability,
thermal conductivity and tensile strength of silicon rubber (SR) increase with
increase carbon black (N990) loading. Thus the overall load-bearing capacity of
SR/carbon black composite increases [67].

6.3 Graphite and Graphite Nanoplatelets/Polymer
Composites

To improve the mechanical property of graphite/polymer composite, graphite is first
treated with alkali metals (sodium, potassium, etc.) or halogens and halide ions or
with concentrated nitric acid, sulfuric acid, perchloric acid to synthesize graphite
intercalated compound (GIC) [68]. Now, this GIC interact better with polymer
chains and forms composites having improved load-bearing property. Baptista et al.
[69] reported an increase in mechanical properties of epoxy resin with the incor-
poration of graphite flake (up to 10 wt% loading). Due to greater interplanar dis-
tance, graphite nanoplatelets have very high aspect ratio and can be dispersed
within the polymer matrix 100 times better than pristine graphite. Liu et al. [27]
reported that with the addition of only 7 vol.% exfoliated graphite nanoplatelets (15
lm) to polyamide 6, flexural modulus increases by 140% and flexural strength
increases by 22%. Kim et al. [70] reported that functionalized graphite sheet
(FGS) exhibits better improvement in mechanical properties compared to graphite
at the similar loading. Poly (ethylene-2, 6-naphthalate) (PEN)/graphite composite
shows 17.50% increase in tensile modulus with the addition of 3 wt% graphite
whereas for PEN/FGS composite the increase in tensile modulus is 31.50%. It can
be concluded that FGS/PEN has better load-bearing characteristics than graphite/
PEN.

6.4 Graphene/Polymer Composites

The exceptional mechanical property of graphene can be utilized to make high
load-bearing polymer composites. Wang et al. [71] reported improved load-bearing
capacity of functionalized graphene (FGs)/polystyrene (PS) composites where
tensile strength increases by 103.7% and tensile modulus increases by 407% with
the addition of 0.5 wt% FG (Fig. 18). The resultant mechanical properties are quite
higher than that obtained from PS/MWNT or PS/thermally reduced graphene oxide
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(TRGO). This result is an indication of effective load transfer between FGs and PS.
Fang et al. [72] has shown 70% increase in tensile strength and 57% increase in
Young’s modulus of 0.90 wt% graphene nanosheets filled polystyrene composite.
Achaby et al. [73] reported that with the addition of 3 wt% graphene nanosheets
(GNs) modulus and tensile strength of PP/GNs composite increases by 100 and
81% respectively. Also, the thermal stability of the composite increases by 11%.
Chen et al. [74] investigated significant improvement in mechanical properties of
graphene/polyurethane nanocomposite. According to their observation, tensile
strength, modulus, and toughness increases by 51, 105, 48%, respectively. Bera
et al. [45] investigated 245% increase in tensile strength, 180% increase in tensile
modulus, 5% increase in hardness and 200% increase in toughness of thermoplastic
polyurethane (TPU) by incorporating just 0.10 wt% of RGO. There are many other
examples where load-bearing capacity of polymers increases with graphene
loading.

6.5 Carbon Nanotube/Polymer Composites

Carbon nanotubes are one of the most important CBMs use to increase the
load-bearing capacity of polymer composites. Sometimes it is used in unmodified
form and sometimes need to modify the surface to increase the interaction with
polymers. Surface modification can be done either by functionalization of the
surface with hydroxyl, carbonyl, and carboxyl groups or by treatment with strong
acids, plasma treatment, etc. [28]. Li et al. [48] reported 228% increase in tensile
strength and 1040% increase in Young’s modulus of poly[styrene-b-
(ethylene-co-butylene)-b-styrene] triblock copolymer (SEBS), with the incorpora-
tion of 15 wt% pristine MWNTs. Pitchan et al. [75] investigated that mechanical

Fig. 18 Stress–strain curves
for PS/FGs composites.
Reproduced with permission
from Ref. [71] Copyright
2016, Royal Society of
Chemistry
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property of polyetherimide (PEI)/MWNTs at 2 wt% loading increases 15% more in
cases of acid and plasma treated MWNTs compared to untreated MWNTs. So,
surface treatment provides better load-bearing property. Fatigue is one of the major
issues for structural failure of composite materials. Zhang et al. [76] reported the
suppression of fatigue crack growth rate of epoxy resin by incorporating CNTs.
They also observe that the suppression of crack growth rate is dependent on the
CNT loading and type of CNT used. For epoxy/MWNTs composite, the reduction
of crack growth rate is *1000% at 0.5% loading of MWNTs. Similar amount of
crack growth reduction is observed at just 0.1–0.25% loading of SWNTs. So,
SWNTs are more effective than MWNTs. With the help of simulation study,
Gavrilov et al. [77] reported that mechanical property of elastomer/CNTs
nanocomposites is dependent on the size of CNT used. Another important prob-
lem usually encounters with carbon-based polymer composites in the long-term
structural application is creep. Zhang et al. [12] reported that creep behavior of
thermosetting epoxy resin can be slowed down by incorporating 0.1–0.25 wt% of
SWNTs. The epoxy/SWNTs composite can retain very good load-bearing capacity
even at higher temperature.

6.6 Carbon Fiber/Polymer Composites

Carbon fiber/polymer composites are mainly used in structural applications for
many decades. Since CFs is continuous fiber they can provide very high
load-bearing property. One common problem encountered with carbon fiber is the
lack of adhesion with polymer matrix. To improve the adhesion between CFs and
polymer various sizing materials are coated on CFs surface. Jiang et al. [51]
reported improved load-bearing capacity of epoxy resin/carbon fiber composite
treated with GO and sizing agent. According to their observation, interfacial shear
strength (IFSS) of carbon fiber/epoxy is increased by 37.2% for 2 wt% sizing agent
and 1 wt% GO-treated CFs compared to CFs without GO. At this concentration of
GO, the interfacial interaction between polymer/modified CFs are maximum and
hence, mechanical property is better. Dhakate et al. [49] investigated excellent
mechanical properties of carbon fiber semi-aligned electrospun carbon nanofiber
hybrid polymer composites. With the addition of 1.1 wt% CNF bending strength
increased by 175% and the modulus increased by 200%. Fu et al. [78] reported that
at any loading CFs provide better tensile strength and tensile modulus to PP matrix
compared to glass fiber (GF). This is probably due to superior mechanical prop-
erties of CFs compared to GFs. Creep behavior is very important for a material used
in structural applications. Goertzen et al. [79] reported that for CF/epoxy composite,
no creep failure occurs within 1600 h when the applied load is 77% of the ultimate
tensile strength of the composite. But, with increase in temperature the failure time
and load decreases, i.e., the material fails at lower load and within a shorter time.
For example, stress requires inducing failure of CF/epoxy composite within
50 years, decreases from 84% of UTS at 30 °C to 42% at 50 °C. Load-bearing
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capacity decreases with increase in temperature. Kawai et al. [80] also investigated
the effects of stress ratio and temperature on fatigue life of a carbon fiber-reinforced
polyamide-6 composite. According to their observation tensile and compressive
strength decreases with increase in temperature from room temperature to 70 °C
temperature. Also, the static stress level for a constant value of life under fatigue
loading will deteriorate with increase in temperature.

6.7 Carbon Nanofiber/Polymer Composites

Carbon nanofiber (CNF) is one of the most important members of carbon-based
filler. It has drawn tremendous scientific attention due to its diverse application
opportunities. It can be used in electrical devices, battery, supercapacitors, sensors,
structural applications, etc. The one-dimensional nanomaterial has very high aspect
ratio (*250–2000) [36]. Hence, it can be used in high load-bearing polymer
composites. With the help of molecular dynamic simulation, Sharma et al. [81]
reported the effect of CNF volume fraction and aspect ratio (l=d) on the mechanical
properties of CNF/PP nanocomposites. According to the simulation result, longi-
tudinal modulus (E11) increases with increase in CNF vol.% and at 2 vol.% loading
E11 of PP increases by 748%. Young’s modulus (E11) also increases with increase
in aspect ratio of CNF. With increasing the aspect ratio from 5 to 60, E11 increases
by 48% (Fig. 19).

Although, there is very little effect of CNF volume fraction and aspect ratio on
the transverse modulus (E22). In all cases CNF/polymer nanocomposites have lower
mechanical properties compared to CNT/polymer nanocomposites. This may be
due to lower intrinsic mechanical properties of CNF over CNT [34]. Kumar et al.
[82] reported that compressive strength and modulus of PP/nano carbon fiber
increases by 100 and 50% respectively at 5% loading of nanocarbon fiber. Similar
type of improvement in mechanical property was observed by Zeng et al. [83] for

Fig. 19 a Variation of Young’s modulus (E11 and E22) with percentage of CNF in PP for fixed
aspect ratio (l/d) = 10; b variation of Young’s modulus (E11) with aspect ratio (l/d) of CNF.
Reproduced with permission from Ref. [81]. Copyright 2016, Springer Nature
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PMMA/CNF composite. At 5% loading of CNF, axial tensile modulus increases by
50% and compressive strength increases by 170%.

6.8 Fullerene/Polymer Composites

Aggregation of fullerenes is one of the major drawbacks of polymer/fullerene
composite. Various physical/chemical modifications of fullerene have been done to
improve the thermal, mechanical, electrical, optical, and photovoltaic property of
polymer/fullerene composite [31]. Doping of polymers with fullerene (mainly C60)
is another emerging area of intense research which improves the load-bearing
characteristics of polymer/fullerene composites by efficient load transfer between
polymer and fullerene. Rafieeet al. [84] reported improved load-bearing charac-
teristics of epoxy/fullerene nanocomposite. According to their observation,
toughness of fullerene/epoxy composite increase by 89%, ductility increases by
35%, Young’s modulus increases by 18.5%, tensile strength increases by 20% with
the addition of 1 wt% fullerene. The typical stress–strain curve of epoxy/fullerene
composites at different loading of filler is shown in Fig. 20a. Crack propagation
response of fullerene/epoxy composite at different stress intensity is shown in
Fig. 20b. A significant lowering of crack growth rate was observed in fullerene/
epoxy composites. Fracture toughness increases by *50% with the addition of 1
wt% of fullerene to the epoxy resin which is much higher than that observed in 1 wt
% amine functionalized MWNTs filled epoxy resin composite (26% only). So, the
fullerene/epoxy composites improve the load-bearing capacity of epoxy resin and
become useful in many structural applications like infrastructure, aerospace struc-
ture, automotive body parts, etc.

Kim et al. [85] reported the tensile properties and fracture mechanism of a bulk
heterojunction (BHJ) films based on PTB7:PC71BM. According to their observa-
tion, mixing ratio and amount of additive (1, 8-diiodoctane) play an important role
in the tensile property. At higher concentration of fullerene, the composite becomes

Fig. 20 a Stress–strain curve; b crack growth rate (da/dN) versus stress intensity factor amplitude
(DK) graph for fullerene/epoxy resin composite at different fullerene loading. Reproduced with
permission from Ref. [84]. Copyright 2010, Springer Nature
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stiffer and more brittle and fracture occurs along the aggregated fullerene domains.
1:1 mixture of fullerene and polymer provides the best mechanical properties. The
presence of 1, 8-diiodoctane additive increases the stiffness and strength and
reduces the ductility further. Tensile properties and fracture mechanism are shown
in Fig. 21. Mechanical properties of polymer/fullerene composites as a function of
molecular structure are elaborated by Savagatrupet al. [86]. They explored the
presence of various pendent groups on the mechanical properties of their
composites.

7 Applications

Metal, alloys, wood, and concrete are being replaced by polymeric composite
materials in several advanced applications like aerospace, automotive, marine,
infrastructure, etc., because of their light weight and superior mechanical properties.
Nowadays, the applications of carbon-containing polymer composites are ubiqui-
tous. The diversity in structure and properties of CBMs are reflected in their
polymer composites which endow their applications in infrastructure, aerospace
structure, automotive body parts, biomedical applications, sports equipment, energy
storage, marine structures and others. However, every CBM cannot be used for all
these applications. Each CBM has some special structural features which are uti-
lized in some specific applications only. Microcracking and damages are common

Fig. 21 Tensile properties and fracture mechanism of PTB7:PC71BM blend films as a function of
the PC71BM content and DIO additive. a Elastic modulus, b crack onset strain, and c tensile
strength of PTB7: PC71BM blend films as a function of blend ratio and DIO additive. Fracture
mechanism and SEM images of fractured surface of PTB7:PC71BM bulk heterojunction films with
respect to PC71BM content and DIO additive: d 1:0.5 blend films, e 1:1.5 blend films without DIO
additive, and f 1:1.5 blend films with DIO additive (scale bar 200 nm). Reproduced with per-
mission from Ref. [84]. Copyright 2010, Springer Nature
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problems for these composite materials. Hence, the concept of self-healing become
promising for the applications like aerospace, marine, automotive, pressure vessel,
and infrastructure where the tendency of cracking and damage are the maximum.
Self-healing composite materials are capable to heal or repair the cracks and
damages by it and thus extend their shelf life. It also reduces the repairing and
maintenance cost of the materials.

7.1 Infrastructure

Infrastructure refers to the fundamental facilities and services offered by a country,
city or area for its economic growth as well as to improve the standard of living of
people. Infrastructure includes bridges, roads, tunnels, water supply, electrical
grids, etc. Reinforced cement concrete (RCC) has the maximum share in this area.
Recently, carbon-containing polymer composites stepped into the field because of
their high load-bearing capacity and corrosion resistance. Lighter weights of the
polymer composites facilitate their transportation quite easily to the working sites.
Carbon fiber/epoxy and carbon fiber/vinyl ester resin composites are commonly
used in bridge and tunnels. Although, carbon-containing polymer composite has not
any problem of rusting like steel cords, used in concrete, economically it is costlier
but the bridge made with carbon/polymer composite vibrate too much during the
traffic movement which affects in the stability of bridge [13]. Another important
problem usually encounters with carbon-based polymer composites in long-term
structural application is creep. Zhang et al. [12] reported that creep behavior of
thermosetting epoxy resin can be slow down by incorporating 0.1–0.25 wt% of
SWNTs. The epoxy/SWNTs composite can retain very good load-bearing capacity
even at higher temperature.

7.2 Aerospace Structures

The primary requirement of aerospace structural materials is that they should have
low density at the same time should be very strong and stiff. Carbon-based materials
have relatively low density and outstanding all-round properties. Hence, these
materials can be exploited to make lightweight and high-performance polymer
composites which find their applications in aerospace structures. The most
important criterion for a polymer to be used in any part of aeroplane structure is that
it will not produce any toxic fumes during fire. Carbon-phenolic composites are
used in floor and many other inner structures like inner walls, toilet, cubicles, etc.,
are also made of polymer composite materials. The structure of seats is made up of
metals and alloys. But, some aeroplane companies like Boeing, Airbus, etc., have
already started making the whole aeroplane structure by carbon/epoxy composite
material [87, 88]. For example, in Boeing 787 (Fig. 22), polymer composite
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accounts 50% share of the total materials used which is relatively higher than
Boeing 777 where only 12% polymer composite was used. Because of increased
percentage of polymer composites, the aeroplane becomes 20% lighter than alu-
minum designs and also reduces the chances of fatigue failure [88]. Helicopters are
mostly made with carbon-containing polymer composite materials. It not only
reduces the weight of the whole structure but also increases the performance of the
helicopters. Thus, carbon-containing polymer composites slowly replaced the
conventional aerospace structural materials like aluminum and alloys. In space
applications also composite materials are becoming very important. Rockets
structures are made by filament-wound carbon fiber-epoxy composite material.
Monetta et al. [89] reported graphene/epoxy anticorrosive composite coating for
aircraft structure where only 1 wt% graphene is used.

7.3 Automotive Body Parts

Polymer composites have been a part of automotive industry since 1953 when it
was first used in the corvette, small warship. The use of carbon-based polymer
composites replaces the conventional materials like steel, aluminum, etc. Polymer
composites are relatively lightweight materials with improved strength and corro-
sion resistance property. But, the cost of carbon fiber based polymer composite is
too high (around 10 times higher than glass fibers) that is why they are used only in
special cases. Now the challenge is to develop high-strength polymer composite
which will be economic as well mechanically strong [11]. Wang et al. [10] reported
shape memory induced self-healing property of crosslinked polyethylene/CB

Fig. 22 Application of carbon fiber/polymer composite in Boeing 787 [87]
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composites. According to their observation, this material can heal the scratches
instantly which is an important requirement of a material used in automotive body
parts. Bhowmick and coworkers [90] reported significant improvement in thermal,
mechanical, and gas impermeability of bromo butyl rubber (BIIR)with the addition
of para-phenylenediamine modified graphene oxide (GO-PPD). According to their
observation, tensile strength (200%), storage modulus (189%), thermal stability
(17 °C), and gas impermeability (44%) increases with the addition of 4 wt%
GO-PPD. Hence, this material can be used in tire inner linear and tubes.

7.4 Biomedical Applications

Bone and tissue engineering, drug delivery, and sensor are the three major areas of
biomedical emerging. Biocompatibility is the primary criteria of a material to be
used in biomedical applications. Among the CBMs, ND, graphene and related
materials, CNFs are mostly used in biomedical applications. There is a conflict
regarding the biocompatibility of nanodiamond. According to some researchers,
detonation nanodiamond has intrinsic biocompatibility while some are saying NDs
induce toxicity under certain condition. Schrand et al. [14] reported that NDs has
better biocompatibility than carbon black, SWNTs and MWNTs. Sun et al. [15]
reported that chitosan (CS)/NDs composites scaffold can be used in bone tissue
engineering applications. They measured the important mechanical properties of
CS/NDs composites by nanoindentation method and found two important obser-
vations: (i) With the addition of 5% NDs, Young’s modulus is increased by 340%
and the hardness is increased by 120%, (ii) the improvement in mechanical property
is less effective for NDs compared to functionalized NDs (F-NDs). Ochiai et al. [16]
reported that boron-doped diamond powder (BDDP)-nafion composite made by
flexible electrolysis can be used in dental treatment. Liu et al. [17] reported
self-healing composite hydrogels based on polyacrylamide and graphene oxide
(GO) used in biomedical applications. It can heal the cut surface very quickly and
has very high degree of recovery (88%). Shuai et al. [19] reported that
GO-reinforced poly (vinyl alcohol) composite scaffold can be used in bone tissue
engineering application. 2.5 wt% loading of GO increases the compressive strength
(60%), Young’s modulus (152%) and tensile strength (69%) of poly (vinyl alco-
hol)/GO porous composite scaffold (Fig. 23) and make it a potential candidate for
bone tissue engineering application. Graphene/polymer nanocomposites are also
used as sensor to detect various gases, temperature [20], pressure, pH [21], etc. Li
et al. [18] reported that CNF/poly(acrylate) composite can be used as gas sensor.
Graphene-based polymer composites are also used in drug delivery and cancer
therapy [22].
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7.5 Sports Equipment

Sporting equipment is an indispensable part of any sport. At the highest profes-
sional level of sport, people are ready to pay any amount of money for getting
highly advanced equipment. Development of carbon-containing composite mate-
rials brings new hope to the athletes. Recently, CBMs/polymer composites are
being used to make lightweight, durable and high-performance sporting equipments
which reduces the chances of injury and at the same time enhances the performance
of the athletes making the sports more enjoyable. Carbon-based materials like
graphene, carbon nanotubes, fullerene, nanodiamond, carbon nanofibers, carbon
black, etc., are used in sporting equipments like badminton and tennis rackets
because of their high strength, stiffness, durability, lightweight, abrasion resistance,
etc. Different CBMs have different specialties which are exploited in different
sporting equipments as per the requirements. Table 5 shows the specific benefits of
using a particular CBM for specific sporting equipments [91, 92].

Fig. 23 a, b Photographs of the GO/PVA nanocomposite scaffold with 2.5 wt% GO loading
fabricated via SLS, c the struts of the scaffold, d the pores of the strut. Reproduced with permission
from Ref. [19]. Copyright 2015, Royal Society of Chemistry
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7.6 Energy Storage

Ever-increasing demand for energy and environmental concern has led the scientists
to think about the renewable energy technology. It requires a very large number of
energy storage devices. Among the currently available energy storage devices,
battery, and supercapacitors are most important. They reversibly convert electrical
energy into chemical energy. Although, green energy technology like solar energy
is also a rapidly growing area where solar cells are being used to convert solar
energy into electrical energy. With the advancement of civilization the requirement
for smart and portable storage devices like Li-Ion battery [8], high capacity
supercapacitor becomes very important. Currently, scientists are working on Li-Ion
batteries and supercapacitors to reduce their size and to enhance their energy
storage capacity by utilizing graphene. Graphene-based microcapacitor is also a
new area of research which may be utilized in smartphones and other small elec-
tronic devices. Calixtoet al. [69] reported that graphite powder can be used to make
polymer composite with polyurethane, SR and epoxy resin and the graphite/
polymer composites can be used as electrode material. According to their obser-
vation best result was obtained at 60 wt% loading of graphite. Fullerene/polymer
composites are mostly used in renewable solar energy application. Erb et al. [3]
reported that poly(3-hexylthiophene-2,5-diyl)/[6,6]-phenyl C61 butyric acid methyl
ester (P3HP/PCBM) films could be used as active layer of plastic solar cells.
Mohajeri et al. [4] proposed four fullerene derivatives (Fig. 24) which can act as

Table 5 Advantages of using of CBMs for making various sporting equipments [92]

CBMs Sports Benefits

Carbon
nanotubes

Tennis/
badminton

Increases strength, stiffness, durability, resiliency, impact,
repulsion power and vibration control of rackets

Golf Reduce weight, lower torque/spin of the clubs

Archery Better vibration control in arrows

Graphene Tennis/
badminton

Increases strength, stiffness and performance of rackets and
decreases the weight. Overall, better control of rackets

Ice-skidding Increases strength and durability, decreases weight of skis

Bicycle race Increases the strength, durability, decreases the weight of
bicycle wheels and safety helmets

Car racing Increases the strength, decreases the weight, decreases abrasion
and improves the high-speed performance of the car

Fullerene Tennis/
badminton

Reduces the weight and twisting of racket frames

Golf Facilitate flexible club whipping

Bowling Reduce chipping and cracking of balls

Carbon
nanofibers

Cycling Reduces the weight and increases the strength and stiffness of
the cycle

Carbon
black

Road racing Decreases rolling resistance, increases grip and mileage of tires
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better acceptor than PC60BM in high-performance polymeric solar cells with
conjugated polymers, P3HT. Graphene-based polymer nanocomposites are also
increasingly used in battery [8] and supercapacitors [9]. Wang et al. [5] reported
that polyaniline/graphene hybrids can be used as a counter electrode for
dye-sensitized solar cells. The conversion efficiency of the solar cell with this
counter electrode reached up to 6.09%. Lin et al. [8] investigated that composite
made with 5-sulfoisophthalic acid (SPA) coated silicon nanoparticles doped poly
aniline (core/shell SiNPs@PANi/SPA) can be used as anode material of Li-ion
battery. It slows down the lithiation/delithiation process and increases the capacity
up to 925 mAh g−1 and efficiency of 99.60%.

Savagatrup et al. [6] reviewed about the stability of polymer/fullerene bulk
heterojunction solar cells and showed that the stability and performance of the solar
cell are dependent on the size and purity of fullerene used. Also, the interaction
between the fullerene molecules with the polymer chains plays an important role.
Beal et al. [7] reported the morphology of P3HT: PCBM on the performance of
BHJ solar cells.

Fig. 24 Structures of fullerene derivatives. C, H, S, N, Si and O atoms are shown in gray, white,
yellow, blue, green and red, respectively. Reproduced with permission from Ref. [4]. Copyright
2015, Royal Society of Chemistry
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7.7 Marine Structures

Polymer composite materials have been used in marine structure for many decades.
They are being used in boats, ships, submersibles, offshore structure and other
marine structures like hull, shells, shaft, ducts, etc. The first polymer composite
used in marine structure was glass fiber (GF) reinforced unsaturated polyester resin
(UPR) composite in early 1950s and continues to be an important material for
marine structure. But, there are some disadvantages of using UPR like emission of
toxic materials during the curing process can have some serious health and safety
issues. Substantial improvement in this field has occurred to tailor the properties
and to improve the performance of the composite materials as per the demand of
modern technologies. Recently, there is an increasing demand for high-speed
marine vehicles (e.g., high-speed boat) where strength and weight of the vehicles
are the two most important criteria. Filament wound carbon fibers are mainly used
in these cases replacing the glass fibers. Because, carbon fibers provide superior
mechanical strength to the boat compared to glass fiber and also lighter in weight.
But, carbon fibers are costly. Hence, some balance in cost and properties are
required. [93]. Deshmukh et al. [94] reported that GO reinforced poly (3,4-ethylene
dioxythiophene)-block-poly(ethylene glycol)(PEDOT-block-PEG)/polyvinyli-
denefluoride (PVDF)can be used in marine structure because the material has high
strength and high corrosion resistance property which fits the marine conditions.

7.8 Pipelines and Chemical Plants

Fiber-reinforced polymer composites are widely used in pipelines, chemical storage
tanks, and pressure vessel because of their good mechanical strength, corrosion
resistance and chemical resistance property. They can be used to transport or store
gaseous chlorine, bromine, carbon monoxide, dilute or concentrated acid and
alkalis, etc. Their performance is better than steel. They are lighter in weight, so can
be transported quite easily to the site where they need to install. They do not require
schedule check-up for corrosion and thus reduces the maintenance cost substan-
tially. Also, the low thermal conductivity reduces the cost of thermal insulation.
Excellent load-bearing property is specifically important for chemical storage tank
and pressure vessel where high pressure is created. Carbon fibers/epoxy resin is a
good combination for this purpose. The electrical conductivity of carbon fiber can
be utilized to heat the material by passing electricity through it as and when
required. But there is one issue of using carbon fiber which is costly enough [13].
Kotal et al. [90] reported a polymer nanocomposite based on para-
phenylenediamine modified graphene oxide (GO-PPD) and bromobutyl rubber
(BIIR) which has very high thermal, mechanical and gas impermeability. This
material can be used in the inner layer of pipes and pressure vessel.
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7.9 Others

Other applications include body armor and in weapons for soldiers, electronic
noses, antimicrobial composites, etc. Traditionally metal and alloys are being used
in body armor, helmet, arms and transport equipment, etc. Because of the heavy
weight of the armor, it reduces the efficiency of the soldiers. Further, the metal parts
have an inherent tendency of rusting and corrosion. Hence, carbon–polymer
composites have partially replaced the traditional armors. Carbon fiber or carbon
nanofiber based epoxy resin composites are mainly used in body armor and in
weapons [79]. Polymer composites based of carbon black, PVPD (Poly (Vinyl
Pyrrolidone)) and PEG (Poly (Ethylene glycol)) is used as electronic noses (E-nose)
which are used to detect various odorant and gases [95]. Santos et al. [96] reported
for the first time that with the addition of 3 wt% of GO antimicrobial activity of
poly-N-vinyl carbazole (PVK)/GO composite increases by 90%. So, the film can be
used in antimicrobial composites.

8 Conclusions

Load-bearing capacity is one of the most import properties of polymer composites
because it is the basic criteria of a composite material. Together with other
parameters, structure of the CBMs and polymers plays an important role in it. The
chapter provides state-of-the-art information regarding the load-bearing capacity of
different carbon-based polymer composites, load-bearing mechanism, factors
influencing the load-bearing property and important applications of load-bearing
polymer composites.
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Polymer/Carbon Composites
for Sensor Application

Subhendu Bhandari

Abstract Carbon containing fillers are widely used in the preparation of polymer
composites. Incorporation of fillers with higher electrical conductivity in insulating
polymeric matrices imparts significant change of electrical resistivity/conductivity of
the composites. Moreover, the changes of electrical properties may also be caused by
external triggering actions such as changes of temperature, mechanical strain, con-
centration of specific gases or vapours etc. Conductivity of the carbonaceous filler,
that of the resulting composite as well as their distribution and relative alignment
play significant role in the dependence characteristics of electrical properties on such
external stimulus. Reversibility of such responsive behaviour opens up potential
applicability of such composites in specific sensor applications.

Keywords Carbon black � Carbon nanotube � Gas sensor � Graphene
Fullerene � Strain sensor � Temperature sensor

1 Introduction

Application of carbonaceous filler based polymer composites in recent years is not
confined merely aiming at improvement of mechanical properties, rather it has found
many diversified areas like different types of sensors too. A sensor is a device meant
for detection of some events which can also be quantified from the intensity of the
responses of the device. Efforts have been made to prepare different types of sensors
like gas sensor, chemical sensor, strain sensor etc. Vapour or gas sensing is also
important for the application in “electronic nose” for detection of odours. It is
noteworthy that, in contrast with the stimuli responsive polymers, the mechanism of
sensing involves a great role of the fillers rather than the matrix for polymer com-
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posite system. The electrical as well as electrochemical properties of the carbona-
ceous fillers are considered as the key feathers for their use in sensor application.
Several works are reported using carbon black, carbon nanotube (CNT), graphene
etc. towards effective use in the said areas of application. Polymers may be used both
as film or powder form. Polymeric component of the composites provide dimensional
stability to form a self-supported film, whereas, the powdery polymeric components
of the composites. Conducting polymers, e.g. polyaniline (PAni) [1], polypyrrole
(PPy) [2] etc. can be used for sensor application. However, carbonaceous materials
like carbon nanotube (CNT), graphene, carbon black, carbon fibre, fullerene etc. may
be used individually or along with conducting polymers for improved sensor per-
formances [3–7]. The sensing response of the composites depends on different factors
like conductivity of the fillers, shape and size of the fillers, morphology of the matrix,
dispersion and relative alignment of the fillers etc. [8–10].

2 Mechanisms of Sensor Activity

Several mechanisms have been proposed to investigate the sensor activity of
polymer composites:

• Most of the sensor activity of filled polymer composites exclusively depend on
the percolation phenomena. Carbonaceous fillers like carbon black, carbon fibre,
CNT, graphene, fullerene etc. are electrically conducting in nature, and are
mixed with polymer matrices with relatively higher insulation. Beyond perco-
lation threshold of filler loading, a conducting network forms in the bulk of the
composite. Conductivity of the composite beyond percolation threshold follows
the relation

r ¼ r1 /�/cð Þt for /[/c; and

r ¼ r2 /�/cð Þ�s for /\/c;

where / is the volume fraction of the conducting filler, /c is the percolation
threshold, r1 and r2 are the electrical conductivity of the conducting filler and the
insulating matrix respectively, t and s are the dimensional parameters [11].

• According to quantum mechanical effects, insulating matrix between two con-
ducting particles act as virtual tunnel resistor. For the application of low level of
voltage and considering quantum mechanical rectangular barrier, the tunneling
resistance may be expressed as

RTunnel ¼ V
AJ

¼ h2d

Ae2
ffiffiffiffiffiffiffiffiffi
2mk

p exp
4pd
h

ffiffiffiffiffiffiffiffiffi
2mk

p� �
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where V is the electrical potential difference, J is the tunneling density, d is the
thickness of the insulator, e is the quantum of electrical charge, m is the mass of an
electron, h is the Plank constant and k is the barrier height of the tunneling effect [12].

3 Temperature Sensor

Temperature dependent resistivity of polymer-CNT composites have led to the
ample opportunity of application as temperature sensors. For such composites, the
dependence of resistivity on temperature may be of two types, i.e., exhibiting pos-
itive temperature coefficient (PTC) or negative temperature coefficient (NTC). PTC
behaviour may be attributed to metallic behaviour of the composite where dR/dT is
positive, whereas NTC behaviour signifies non-metallic behaviour of the composite
where dR/dT is negative [13]. Polymer composites with carbonaceous fillers may
exhibit either of these two characteristics. Polyethylene terephthalate (PET) screen
printed with micropatterns of graphene, in the work of Kong et al. [14], exhibit NTC
effect (Fig. 1a) where linear dependence of ln(R) on T−1 signifies applicability of the

Fig. 1 a Temperature-dependence on electrical resistance. b Linear fit (red) between ln (R) versus
T−1. c Relative electrical resistance responses upon repeated fingertip tapping. d Experimental
configuration. Reprinted with permission from [14], © 2012, American Chemical Society
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material as effective temperature sensor. Moreover, the screen printed sensor also
exhibited high repeatability of working after several tapping of the material with
finger (Fig. 1c).

Similar temperature dependence is also observed for the resistance of filter
deposited graphene oxide (GO), either metal-defused [15] or chemically reduced by
hydrazine vapour [16]. Resistance of the material exhibiting NTC effect may be
expressed as

RT ¼ R0exp
BðT0 � TÞ

T :T0

� �

where B is the material constant, T0 is the reference temperature (298 K), R0 and RT

are the corresponding resistance values at temperature T0 and T. Matzeu et al. [17]
found that, apart from NTC effect, MWCNT filled poly(styrene-b-(ethylene-co-
butylene)-b-styrene) (SEBS) may also exhibit improved sensitivity with lower filler
loading. In that experiment, sensitivity near percolation threshold of 12.5% (w/w)
was found to be better (Fig. 2) compared to higher loading of 35%.

Similar trend is also reported by Oskouyi et al. [18] where graphene nano
platelets (GNP) are found to be more suitable than CNT for temperature sensing
application, and sensitivity decreases with the increase of volume fraction from 4.5
to 11.6%. That work also reveals that the decrease of resistivity with the increase of
temperature for both CNT and GNP filled composites follow Mott’s variable range
hopping (VRH) model considering three-dimensional conduction:

q ¼ q0 exp
T0
T

� �1=Dþ 1

where D is dimensionality of the conduction system, and q0 and T0 are the
constants.

On the other hand, PTC effect is also reported by several researchers for carbon
black filled LDPE [19], MWCNT filled HDPE composites [20], short carbon fibre

Fig. 2 Percentage variation
of resistance versus
temperature in sensors with
MWCNT weight percentages
of 12.5 and 35%. Reprinted
from [17], © 2012, with
permission from Elsevier
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filled epoxy resin [5], graphene/polyvinylidene fluoride (PVDF) composite con-
taining silver nanowire [21] etc. Nevertheless, the functioning of temperature sensor
may also be further checked for heating and cooling cycle. For CNT deposited
paper exhibiting NTC effect as observed by Karimov et al. [22], the temperature
dependence of resistance follows the relation

R
R0

= exp �DT T=Tmð ÞKð Þ

during heating cycle, and follows the following relation

R
R0

= exp �DT Tm=Tð ÞKð Þ

during cooling cycle, where K is the resistance-temperature factor, Tm is the
maximum temperature, R0 is the initial resistance and R is the resistance at elevated
temperature T.

Fabrication of a miniaturized polymer based flexible temperature sensor filled
with multiwalled carbon nanotubes has been reported by Sibinski et al. [23] which
exhibited temperature sensitivity around 0.13% K−1. This study reveals quasi-linear
dependence of resistivity on temperature for the MWCNT filled composite (Fig. 3).
For the use of graphite grains, due to the small number of connections among the
separate grains, the physical contacts are lost more easily. However, for CNT
composition, the very high aspect ratio (length: diameter ratio in the range of 100–
1000) favours less chance to lose physical contact, which enhances stability. Thus,
the sensor with CNT compositions exhibited stability during the whole range test
cycles. The graphite-polymer composites also exhibited resistance change to a fair
extent, however, more than 10% increase of resistance was observed beyond
200,000 cycles. A comparative study between graphite and CNT filled composites
of polymethyl methacrylate reveals applicability of the composite as flexible tem-
perature sensor at while bending it at different radius as well as for several bending
cycles. Linear dependence of resistance on bending radius was observed (Fig. 3) for
both cases, however, the graphite filled composite exhibits nonlinearity at very
small bending radius. Resistance of the graphite filled composite increases for
higher bending cycles, whereas that of the CNT filled composite almost remains
unchanged even after 350,000 cycles which signifies the enhanced efficiency of the
CNT filled composite as flexible temperature sensor.

Hong et al. [24] used poly(N-isopropylacrylamide) (PNIPAM) and fullerene
(C60) to prepare temperature sensor. PNIPAM exhibits reversible phase transition in
water at the lower critical solution temperature (LCST). Two types of sensors were
synthesized: one had two fullerene attached to the middle part of the PNIPAM
chain and the pyrene based fluorophore attached to one end; and the other had
fluorophore and fullerene attached to the two chain ends of PNIPAM. Thus, a
combination of photophysical characteristics of fullerene as well as temperature
induced coil-globule transition of PNIPAM was achieved.
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Pucci et al. [17, 25] have reported that solution processing of MWCNT filled
composite using poly(styrene-b-(ethylene-co-butylene)-b-styrene) (SEBS) matrix
(1:1 weight ratio) via sonication may lead to degradation of average length of
MWCNT to the extent of 40% which in turn, affect the conductivity of the com-
posite. However, nanotube degradation during sonication may be improved by
alkyl functionalization of MWCNT which exhibits better dispersion efficiency and
enhanced conductivity too. The sensitivity of 0.007 K−1 for this case is comparable
to the highest values exhibited by metals 90.0037–0.006 K−1). However, owing to
the elastomeric behaviour of SEBS, phase stability deteriorates with the increase of
temperature which results in loss of temperature sensitivity. Such problem may be
overcome by using a poly(vinylbenzyl chloride) derivative with triethylamine as
ionomeric surfactant, in which the cation-p interactions and weak van der Waals
force between ionomer and MWCNT favours the preparation of undamaged
composite [26].

Fig. 3 Change of resistance for nanotube-polymer and graphite-polymer compositions during
a bending cycle and b cyclical bending. Reprinted with permission from [23]
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4 Strain Sensor

Traditional metallic or semiconductor strain gauges are less expensive compared to
polymeric strain sensors and also exhibit high sensitivity. However, they cannot be
effectively embedded in the structural components, and also offer low resolution in
nanoscale. Moreover, merely unidirectional effectiveness may restrict their use.
Carbon nanotube based thin film sensors may be effective substitutes because of
their very high resolution at nanoscale and effective use in multidirection [27].

Strain sensor behaviour is generally expressed in terms of gauge factor (G):

G ¼ 1
e

DR
R0

� �

where e is strain, R0 is the initial resistance and DR is the change of resistance. For a
material exhibiting strain-independent conductivity, the following relationship is
generally followed [28]:

DR
R0

¼ e 2þ eð Þ

which signifies that, for metallic strain gauge, G * 2 at low strain. On the contrary,
for polymer nanocomposite based sensors the reported value of G may be as high as
1300 for CNT/epoxy composite [29], however, mostly the reported values lie below
50.

The strain response is generally considered addressed by measuring the variation
of resistance upon applying external strain. Such variation of resistance arises
because of the change of local contacts between conductive fillers. Not only the
type of conductive filler, the morphology of the conductive networks also plays a
crucial role on the measurement of strain sensing [30].

For thermoplastic polyurethane (TPU) based conductive composites, Liu et al.
[31] reported about the strain sensing characteristics, where 2D conductive network
was achieved by the contacts of the planes of the flake-like graphene. For different
strain patterns, high sensing stability and sensitivity were observed along with good
reproducibility and recoverability after stabilization by cyclic loading.

Entangled CNT conductive network, as investigated by Zhao et al. [32] in a
comparative study using CNT and carbon black individually in polypropylene
matrix, a decreased response pattern was observed (Fig. 4), whereas for the con-
ductive network using spherically shaped carbon black particles improved response
pattern during cyclic strain was obtained. According to the investigation of Ferrreira
et al. [33, 34], the surface functionalization and the type of CNT does not influence
the piezoresistive sensitivity of the nanocomposites prepared using PVDF matrix
provided the CNT content in the nanocomposites is near to the percolation
threshold. The highest gauge factor (ratio of relative resistance change to strain) was
reported by them as 6.2 at 0.25% strain for the 2 wt% SWCNT filled
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nanocomposite, which was marginally higher than the of the other SWCNTs. Apart
from using single filler, the use of the combination of two or more types of con-
ductive fillers may exhibit synergistic effect in sensing behaviour and generate
distinct conductive network morphology. For example, a combination of CB and
CNT into thermoplastic polyurethane revealed that the addition of carbon black
lowers the formation of entangled CNT network, which can be destroyed under
strain easily, exhibiting higher strain sensitivity [35].

Li et al. [36] used graphene foam (GF)/polydimethylsiloxane (PDMS) composite
for strain sensing application (Fig. 5). The current-voltage relationships (Fig. 5a) at
different strain followed Ohm’s law. The variation of relative resistance at different
strain (Fig. 5b) revealed excellent reproducibility and stability at lager strain. For
more than 20% strain, hysteresis was found negligible during stretching-relaxation
cycle (Fig. 5c), which suggests recovery of initial resistivity after relaxation from
stretched state. Gauge factor (Fig. 5d) was found to vary from 98.66% (at 5%) to
47.74 (at 20% strain).

Yasin et al. [6] fabricated an organic field effect transistor (OFET) using
polymer-fullerene composite. Strain sensing behaviour was analyzed by bending
the flexible device on cylinders with radii 5, 10 and 15 mm with corresponding
strain values of 3.2, 1.6 and 1% respectively. The sensitivity values of the device at
3.2% strain perpendicular and parallel to the current axis was found to be 0.65 and
0.18 lA/% respectively.

Lin et al. [27] investigated the strain sensing behaviour for a polyester based
thermoplastic polyurethane filled with the combination of MWCNT, nickel powder
and a eutectic alloy containing bismuth and tin. The volume ratio of nickel and the
eutectic alloy was maintained at 1:2, whereas the volume ratio of the combined
metallic fillers and MWCNT was varied at 0:1, 10:1 and 20:1. The morphological
analysis through SEM reveals that MWCNT bundles get oriented under 10% strain
whereas the metallic particles exist isotropically. However, both metal particles and

Fig. 4 Stress versus strain relationship in a CB (7.16 vol.%)/PP and b CNTs (3.41 vol.%)/PP
composites during 10 extension–retraction cycles. (Inset: plot of stress vs. time). Tensile stress (left
axis) and normalized change of electrical resistivity (right axis) were plotted as a function of strain
for composites: c CB (7.16 vol.%)/PP and b CNTs (3.41 vol.%)/PP. Reprinted from [32], © 2013,
with permission from Elsevier
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MWCNT bundles networks get oriented at 100% strain. It is noteworthy that only
the network structure gets deformed at 10% strain, while, the conductive networks
get stretched apart at 100% strain (Fig. 6).

Mechanical deformation may change the electronic characteristics of CNT.
While strain is applied, the bond length of CNT is altered by shifting the periodicity
of the quantization which results in change of band gap. A metallic CNT does not
exhibit any band gap in unstrained state. However, for a semiconducting CNT the
band gap is inversely proportional to the diameter and follows the relation [8]:

E0
Gap ¼

2caffiffiffi
3

p
d

and for small-gap semiconducting CNT, the band gap is:

E0
Gap ¼

ca2

4d2

Fig. 5 a I–V curves of the strain sensor at different strains. b The variation of relative resistance in
the stretching process. c The relative change of resistance in the stretching-relaxing cycles within
the range of 0–20% strain. d Change of gauge factor under various strains. Reprinted with
permission from [36], © 2016, American Chemical Society

Polymer/Carbon Composites for Sensor Application 511



where d is the diameter, a is the unit vector of graphene, for an average semi-
conducting CNT the tight binding overlap integral c is the band gap E0

Gap is 2.6 eV

and the band gap E0
Gap is *0.1–2 eV.

Kang et al. [37] reported the use of polymethylmethacrylate (PMMA) com-
posites filled with single-walled carbon nanotube (SWCNT) thin films (buckypa-
pers) and single-walled carbon nanotube for strain sensing. Higher sensitivity in the
linear bending range was observed for the strain response of the buckypaper sen-
sors. However, the saturated strain behavior for more than 500 microstrains under
tension occurred because of the slippage among the carbon nanotubes bundles. No
slippage of individual carbon nanotubes was found during compression of the
buckypaper sensor, which resulted in a lack of saturation in comparison with the
tension case. In spite of exhibiting improved sensitivity, buckypaper may not be
successfully used for measuring strain in the whole elastic range. Although the
SWCNT composite sensors offer less sensitivity compared to the buckypaper,
linearity in the linear symmetric strain response was observed during application of
compression or tension. The bonds between SWCNT and the polymer restricted
slippage, which in turn improved the strain in the composite sensor effectively.
Chen et al. [38] achieved a lower percolation threshold using hybrid fillers of
carbon black and CNT in the weight ratio 1:1 in the matrix of a 60/40 blend of
polyamide 6 and acrylonitrile butadiene styrene (ABS) while compared with the

Fig. 6 SEM images of a–c PU-5C (with 5 vol.% MWCNT) and d–f PU-1.5C-15A (with 1.5 vol.
% MWCNT and 15 vol.% metallic particles) at (a, d) at zero strain, b, e 10% strain and c, f 100%
strain. The samples were drawn along the arrow direction. The scale bars are 1 lm. Reproduced
from [27] with permission, © 2012, John Wiley and Sons
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individual use of the fillers. Ma et al. [39] reported that the percolation threshold in
nanocomposites of epoxy filled with 0.2 wt% CNT in combination with various
proportion of carbon black is lower than that of individually loaded with single
filler. Socher et al. [40] reported about higher bulk conductivity for the use of
hybrid of MWCNT and carbon black in comparison with either of the filers while
using polyamide 12 as matrix of the melt processed composites.

The investigation of Parmar et al. [10] revealed that, during the preparation of 5
wt% MWCNT polycarbonate (PC) composite, the shear force in injection molding
facilitates in partial alignment of MWCNTs in the direction of flow of the matrix.
Therefore, injection molding results in much higher sensitivity factor (*20%)
compared to the compression molding method (*0.3%). Moreover, the gauge
factor for injection molded composite was also found 1.5–2 times higher in contrast
to the compression molded composite.

Ke et al. [41] explored the correlation between the sensing behaviour and
morphological characteristics (Fig. 7) for the nanocomposite of PVDF filled with
both non-functionalized MWCNT and conductive carbon black (CCB) at different
proportions. It was found that 0.5CNT-1CCB (i.e., 0.5 wt% CNT + 1 wt% CCB)
combination exhibits the highest rate of the increase of DR

R0
(Fig. 7a), for which case

string-like CNT-CCB-CNT or CCB-CNT-CCB bridging are formed (Fig. 7b). For
0.75CNT-0.75CCB, the amount of CNT is sufficient to form conductive path
(Fig. 7c), whereas addition of CCB strengthen the contact points of CNTs. Again,
for the sample with higher proportion of CNT:CCB, i.e. 1CNT-0.5CCB, much
denser network structure was observed (Fig. 7d) which favours more robustness
against deformation together with DR

R0
in spite of exhibiting higher conductivity.

Tuukkanen et al. [42] used solution processed CNT and graphene nanocom-
posite films on rubber substrates for investigation of their strain sensing behaviour.
The blend of natural rubber (NR) and polybutadiene rubber (BR) as well as indi-
vidual rubbers like chlorosulphonated polyethylene (CSM) and acrylonitrile buta-
diene rubber (NBR) were used as the substrate on which CNT and graphene ink
were deposited by blade coating. Relaxation of rubber after stretching affects CNT
composite less compared to the graphene composite. Moreover, the change of
resistance is more for the CNT composite which suggests the its superiority as
strain sensor in contrast to the graphene composite.

Jang et al. [43] took the strategy of improvement of dielectric constant of the
composite to achieve enhanced performance in force sensing. They functionalized
MWCNT with alkylamine which exhibited improved dispersion in polydimethyl-
siloxane, improved dielectric constant by threefold and capacitance by 1.8 fold
while using only 0.75 wt% of filler loading. Eswaraiah et al. [44] prepared PVDF/
graphene composite by solid state mixing of PVDF and reduced graphite oxide
which was exposed to focused solar electromagnetic radiation using a 130 mm
converging lens. Percolation was achieved at >2 wt% use of graphene, and the
composite exhibited good strain sensing behaviour with gauge factor of 12.1.

Hu et al. [12] predicted the gauge factor values through mathematical modeling
as 6, 21, 62 and 117 for conductivity of the filler to the extent of 103, 104, 105 and
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106 S/cm respectively. Moreover, they also experimentally reported in the same
work that, for epoxy/CNT composite the gauge factor increases with the increase of
stirring rate and decreases with the increase of curing temperature. The repro-
ducibility restrictions on strain sensing behaviour for SWCNT films are higher than
MWCNT because of the influence of impurities, chirality and electrical properties
[45].

Dinh et al. [46] have reported a comparative study of the piezoresistive prop-
erties of polyethylene oxide (PEO)/MWCNT composite as well as the films based
on MWCNT dispersed in the surfactants deoxycholic acid (DOC) and sodium
dodecyl sulphate (SDS). Films were fabricated drop casting of solutions on rect-
angular tensile specimens. The resistance versus strain characteristics exhibit a
quadratic behavior. The strain sensitivity of the samples SDS, DOC and PEO has
been measured as 4, 7.5 and 12.5 respectively, whereas the SDS exhibits the most
stable mechanical behavior. The maximum gauge factor reported by different
researchers for polymer-CNT nanocomposites prepared by different methods has
been shown below (reproduced with permission from Kanoun et al. [47]; Table 1).

Fig. 7 a DR
R0

with strain, initial resistivity together with charge contrast imaging (CCI)-SEM
images illustrating conductive network structure (before stretching) of nanocomposites such as
b 0.5CNT-1CCB, c 0.75CNT-0.75CCB and d 1CNT-0.5CCB. Reprinted with permission from
[41], © 2016, American Chemical Society
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5 Chemical Sensor

Chemical sensors are the sensors which respond in presence of some specific
chemicals, and the response signal can be used to detect those chemicals. The
mechanism of the chemical sensors may depend on chemical reactions, charge carrier
concentrations, electroactive properties of the materials etc. Because of extensive
applicability in environmental, biomedical or industrial monitoring of presence of
specific gases or vapours, gas sensors have drawn attraction of researchers for further
improvement in their efficiencies as well as extending their applicability for different
gases and vapours. The target gas or vapour may be toxic in nature which needs to be
detected with good precision to examine its presence in the permissible limit. For
example, allowable concentration limit of ammonia at industrial workplaces for 8 h
exposure is 25 ppm, and for 10 min is 35 ppm [57] where the olfactory limit of NH3

for human body is 55 ppm [58]. However, for practical applications, the sensors
should be capable of detection of NO2 with concentration <3 ppm, NH3 with con-
centration <25 ppm etc. [59, 60]. Electroactive polymers, porous silicon, metal
oxides etc. may be used for this purpose. Some of the important performance criteria
for an effective gas sensor are discussed below in brief [61].

• High sensitivity of the sensor to the target gas or vapour:

Generally, sensitivity follows the mechanism of reversible redox reactions where
resistance changes during oxidation or reduction. Sensitivity for p- and n-type metal
oxide or polymeric semiconductors towards reducing or oxidizing gases may be
expressed as

SpredðoxdÞ ¼
RgasðairÞ
RairðgasÞ

Table 1 Comparison of different polymer-carbon composites and the maximum gauge factor
values as reported by the researchers

Type of filler Polymeric matrix Maximum gauge factor Reference

SWCNT Polymethylmethacrylate 5.3 [48]

Graphite oxide Polyvinylidene fluoride 12.1 [48]

MWCNT Polycarbonate 2.457 [49]

MWCNT Polymethylmethacrylate 4.59 [50]

MWCNT Vinyl ester 2.6 [51]

MWCNT Polyurethane 4 [52]

MWCNT Epoxy 5.8 [53]

MWCNT Polyethylene oxide 50 [54]

MWCNT Epoxy 22.4 [55]

MWCNT Polysulfone 2.68 [56]
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and

SnredðoxdÞ ¼
RairðgasÞ
RgasðairÞ

where Rair is the resistance exhibited by the sensor in air as reference.

• High degree of selectivity:

Selectivity of a sensor signifies the effectiveness of selectively target gas specific
response among the mixtures of a number of gases or vapours. Selectivity of a
sensor toward the gas i among the mixture of n number of gases may be expressed
as

Seli ¼ SiPn
i Si

• Low detection threshold:

The minimum concentration of the target gas should be as minimum as possible, i.e.
the detection threshold should be low so as to detect any minute change of con-
centration with low tolerance value.

• Quick response and recovery:

An effective sensor should exhibit fast response and recovery time which are
measured from the time required to attain 90% of the saturated resistance value
upon exposure to the gas, or the time needed to attain 90% of the initial baseline
value of resistance.

• Good life cycle:

Because of reversible redox reaction dependent detection mechanism, gas sensors
can detect both increase and decrease of the gas concentration and may be used
repeatedly. The maximum number of cycles of detection with allowable deviation
from initially calibrated baseline response denotes life cycle of a gas sensor.

Yun et al. [62] studied the effect of oxyfluorination of polyaniline (PAni)-coated
MWCNT for ammonia sensing. In their work, polyaniline was synthesized by
oxidative chemical synthesis method and oxyfluorination was carried out with
varying fluorine:oxygen ratio at 2:8, 5:5 and 8:2. It was observed that oxyfluori-
nation improved the interfacial affinity as well as charge transfer between PAni and
MWCNT which plays an important role to improve the gas sensing performance.
Moreover, gas sensing also improves with the decrease of PAni layer thickness on
MWCNT. The highest sensing performance was exhibited for the use of fluorine:
oxygen in the ratio of 8:2.

Synergistic effect of reduced graphene oxide (RGO) and MWCNT in natural
rubber composite was studied by Ponnamma et al. [63] for detection of xylene,
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toluene and benzene. Graphene oxide was separately treated at 200 and 600 °C and
MWCNT was mixed with the RGOs. The mixed particles were added with natural
rubber using melt mixing process. The electrical conductivity was recorded during
the breakdown of conductive network while swelling in different solvents. The
weaker NR-RGO interactions and stronger RGO-RGO interactions resulted
exhibited higher swelling behaviour. The use of RGO, formed at 200 °C, exhibited
more solvent swelling compared to the other nanocomposites.

Liao et al. [7] proposed a disposable sensor to detect low concentrations of NH3

and HCl (100 ppb). In their work, 1 wt% carboxyl functionalized SWCNT was
used during the chemical synthesis of polyaniline (PAni) in presence of N-phenyl-
p-phenylenediamine and the sensor was fabricated by electron beam lithography.
PAni/SWCNT composite exhibited much faster detection of the vapours compared
to the use of pristine PAni. For NH3 vapour detection, pristine PAni sensor took
1000 s for 20 fold increase in resistance, whereas the composite responded to the
same extent only in 120 s. Carbon black may be used along with different polymers
like polyethylenimine, polystyrene etc. for preparation of sensor electrodes by
ink-jet printing [64].

Wei et al. [65], developed at US Air Force Research Laboratory (AFRL), the
sensors with excellent environmental stability, high sensitivity and good selectivity
offered at low power consumption for the detection of different chemical vapours.
Perpendicularly aligned carbon nanotube arrays were partially coated along their
tube length with polyvinylacetate (PVAc) thin film (Fig. 8). Changes in the
inter-tube distance occurs during the absorption and desorption of chemical
vapours, consequently, the surface resistance also changes. The flexible composite
films may be potentially used as multifunctional sensors.

Xie et al. [66] used poly(4-vinyl phenol) and poly(ethylene oxide) individually
as the matrix materials for the composites with carbon black. Fabrication of elec-
trode was carried out by micromachining. Analyte vapours of methanol, ethanol
and acetone were used in different concentrations, i.e. 300, 600, 900, 1200 and
1500 ppm. Nearly good linearity of resistance ratio was achieved for using poly
(ethylene oxide) to ethanol and acetone in the concentration range of 300–
1500 ppm. The linear dependence of resistance ratio was found to follow the
relation:

DR
R

¼ 0:0007cþ 0:4733 for ethanolð Þ; and

DR
R

¼ 0:0005cþ 0:4545 for acetoneð Þ

Since –OH group of ethanol interacts with the hydrogen bond of poly(4-vinyl
phenol), its ethanol absorption capacity as well as the sensing performance is
superior than poly(ethylene oxide).

Hernández-López et al. [67] used 10 wt% of carbon black to acrylamidomethyl
cellulose acetate butyrate (ACAB) and analyzed the vapour sensing behaviour
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towards tetrahydrofuran. 2–24 s of response time was recorded. The durability of
the sensor decreased from 20 to 10 pulses while the amount of the analyte was
increased from 0.1 to 0.4 ml. However, the reproducibility was found to the level of
65%.

Holmes et al. [68] used the composites of buckyball (C60) at 0.01–10% loading
in epichlorohydrin using both spin coating and spray-coating technique. The sen-
sors were used for detection of dimethyl methyl phosphonate (DMMP), methyl
salicylate (MS), water and methanol (MeOH) at different time intervals. The
responses of the sensors are shown in Fig. 9.

Pede et al. [69] prepared a photodiode array using the composite of fullerene
(C60) with conjugated polymer polythiophene. Polymer coating was done for both
the lower and upper layers of electrodes, which were separated by an insulating
layer at the crossover points. The fabricated device was used as chemical sensor for
detection of iodine [70].

Zheng et al. [71] successfully used the composite of graphene oxide with PAni
for the detection of ammonia, formaldehyde and cyclohexanone vapour.

Jang et al. [72] used the composite of polypyrrole (PPY) with MWCNT for the
detection of ammonia. In their work, in situ chemical synthesis of PPY was carried
out in presence of MWCNT at different wt% (0, 0.5, 1, 3 and 5) and the dispersion
of the composite in acetone was drop cast on silicon wafer. Addition of 5 wt%

Fig. 8 Schematic representation of the procedures for a fabrication and b morphological
characterization of the aligned carbon nanotube–polymer composite vapour sensor. Scanning
electron micrographs of the aligned carbon nanotube array c before and d after being partially
coated with PVAc on top and turned upside down (scale bars: 5 lm). Reprinted with permission
from [65], © 2006, American Chemical Society
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MWCNT exhibited the best performance in terms of quick detection as well as
excellent reproducibility of more than 90% recovery of resistive response for cyclic
testing. Apart from pristine CNTs, functionalized CNTs are also being investigated
in several applications, however, controversial results are reported regarding the
electrical properties of functionalized MWCNTs [73].

Fig. 9 Response curves of the sensor. a Line 2 coated with pure polyepichlorohydrin.
(A) Response immediately after spray-coating. (B) Response after 1 day. b Line 2 coated with
polyepichlorohydrin with 10% fullerenes by mass. (C) Response immediately after spray-coating.
(D) Response after 3 days. (E) Response after spraying more solution 4 days after first spraying.
Reprinted by permission from [68], © 2009, Springer Nature
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Kumar et al. [74] prepared a sensor by spraying 1 wt% of CNT/polycarbonate
(PC) on a clean interdigitated printed circuit board (PCB). The sensing behaviour
was found coherent with the respective Flory-Huggins polymer-solvent interaction
parameter, i.e., in the increasing order of water < methanol < toluene.

A similar observation about the correlation between gas sensing behaviour and
polymer-solvent interaction was also reported by Kobashi et al. [75]. They achieved
percolation threshold below 0.5% addition of MWCNT for a melt processed
composite of polylactic acid (PLA) which was used for the detection of water,
toluene, chloroform, n-hexane, ethanol, dichloromethane and tetrahydrofuran.
Some researchers reported that functionalization favours improvement of disper-
sion, which in turn enhances conductivity; whereas the others reported about the
reduction of conductivity arising due to disruption of p-conjugated system [76].

Philip et al. [77] prepared surface functionalized MWCNT by oxidization in
presence of potassium dichromate and a phase transfer agent. Composite of poly-
methylmethacrylate (PMMA) with functionalized MWCNT exhibited improved
detection response and reversibility for dichloromethane, chloroform and acetone.
The COOH and OH groups, generated on CNTs because of oxidation, can physi-
cally interact with the PMMA matrix by hydrogen bonding which results in
stronger interfacial adhesion and better dispersion of functionalized CNTs in con-
trast to the pristine CNTs. A small swelling of matrix results in significant increase
of resistance because of large volume of conducting channel in the polymeric
matrix. Moreover, adsorption of solvent molecules like methanol, even though
which is not a good solvent for PMMA, may also increase polar groups on the CNT
surface.

Sensing of a wide range of organic solvent vapours using polymer optical fiber
sensing array fabricated with hydrophilic graphene oxide (GO) and hydrophobic
reduced graphene oxide (rGO) was reported by Some et al. [78]. The comparative
performance of solvent detection by GO, rGO and their combination has been
shown in Fig. 10. They prepared two-headed GO/rGO, GO/GO and rGO/rGO
polymer optical fiber sensors with either rGO or GO, or one head was coated with
rGO and the other head with GO. Sensitivity to organic solvent vapours was found
to be higher for GO compared to rGO. The as-prepared GO at pH = 5 exhibited
high sensitivity toward THF (RH 90%), nitromethane (RH 50%), diethylamine (RH
60%), acetone (RH 80%), methanol (RH 90%), ethanol (RH 90%), and hydrazine
(RH 60%) at 500 ppb vapour concentration.

Screen printed gas sensor was prepared by Seekaew et al. using graphene-poly
(3,4-ethylenedioxythiophene): poly (styrenesulfonate) (G-PEDOT:PSS) composite
[79]. Graphene was gradually added to PEDOT:PSS solution to prepare the com-
posite which was further used for inkjet printing on interdigitated Ag electrode on a
flexible and transparent substrate. The fabricated sensor was used for selective
sensing of toluene, methanol, ethanol and diethylamine vapours. G-PEDOT:PSS
sensor exhibited faster detection (3 min) as well as higher response (9.6%) towards
the detection of 500 ppm of NH3 while compared with pristine graphene (2.4%) or
PEDOT:PSS (9.4%).
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Yang et al. [80] used the composite of PEDOT and RGO for sensing of NO2

gas. Because of the p–p interactions between PEDOT and rGO sheets the charge
carrier concentration increases. During the adsorption of NO2 molecules, the
number of charge carriers increases which in turn favours the decrease of the
resistance of the composite.

Chen et al. performed a comparative study (Fig. 11) of the vapour sensing
activities of neat carbon black (CB) and its composite with waterborne poly-
urethane (WPU) using 3.5% CB content in the composite [81]. It was found that the
rise in vapor pressure slightly enhances the resistance increase of pristine CB. The
improved transport of the organic solvent (carbon tetrachloride, chloroform, ace-
tone, hexane and ethanol) molecules into the matrix plays an important role in the
increase of the maximum responsivity of the composites. In order to respond to
osmotic swelling, the polymer chains need to undergo relaxation so as to accom-
modate the penetrant molecules in the matrix. While measuring at equilibrium

Fig. 10 Comparative sensitivity response plots toward different vapours at concentration of
500 ppb for the polymer optical fiber with a only GO, b only GO and only rGO. c Plot of selective
sensing responses of rGO and GO polymer optical fiber to THF, dichloromethane, and ethanol
with a two-headed polymer optical fiber sensor. d Selectivity plot of one-headed GO/rGO polymer
optical fiber to THF, dichloromethane, and ethanol. Reprinted by permission from [78], © 2009,
Springer Nature
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swelling condition, differences in solvent-matrix interactions originating from dif-
ferent solvents were found difficult to be seen.

Yang et al. [80] investigated the influence of porous morphology of PEDOT on
the gas sensing performance of its composite with RGO based gas sensors
(Fig. 12). It was observed that the RGO/porous PEDOT composite sensor with the
holes of larger size and uniform distribution, exhibits enhanced sensing perfor-
mance. During the long exposure of 5 ppm of NO2 gas, the sensor device prepared
by depositing the composite on an interdigitated electrode, shows fast response and
recovery to the initial state rapidly after cutting off the analyte gas. It was proposed
that the uniform distribution of the nanoporous structures of PEDOT facilitates the
improvement of the adsorption and desorption speed of gas molecules tremen-
dously during the course of gas sensing. However, for the porous PEDOT layer,
less number of holes and their unordered distribution was more like a common
PEDOT layer. The common RGO/PEDOT composite sensor exhibited long
response as well as recovery time because of the inferior surface structure for gas
molecule adsorption and desorption. Moreover, they have also indicated p–p
interaction between porous PEDOT and RGO may increase charge carriers, which
in turn results in the decrease of resistance, thus facilitating improvement of sen-
sitivity of the composite.

Fig. 11 Dependence of maximum responsivity on vapor pressure for carbon black filled
waterborne polyurethane (CB/WPU) composites (CB content 3.5%) in comparison with pristine
CB against various vapors. Reprinted from [81], © 2005, with permission from Elsevier
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Several examples of three dimensional graphene or RGO based gas sensors have
been reported so far reporting good performance; however complexity of fabrica-
tion process and high cost is also a major concern for effective use. For example, a
macroscopic foam-like three dimensional graphene network fabricated by chemical
vapor deposition (CVD) process may be used for highly sensitive gas detection [82,
83]. However, the CVD process involves elevated temperature, expensive equip-
ment and vacuum environment, which increases fabrication cost. Similarly, com-
plexity of fabrication and increase of cost is applicable for the use of nickel foam
template or lithography too [59, 84].

As an effective substitute of such costlier processes, Wu et al. [85] used the
aqueous dispersion of reduced graphene oxide hydrogel (RGOH) by drop casting
on interdigitated electrode, attached with a microheater on the back side of it. They
synthesized RGOH by treating 2 mg/ml of homogeneous aqueous dispersion of GO
in an autoclave and heating at 180 °C for 10 h followed by natural cooling to room
temperature. For NO2 gas sensing, the resistance of the sensor decreased consid-
erably. The decrease of concentration of NO2 from 10 to 2 ppm at the exposure
time of 600 s led to a monotonic decrease of the response from 3.74 to 0.19%.
Furthermore, a decrease of the response from 3.74 to 1.5% was also observed for
the reduction of exposure time of 10 ppm of NO2 from 600 to 300 s signifying that
sufficient time was required for the gas adsorption process to reach saturation. The
use of microheater improved signal recovery from 45% at 22 °C to 92% at 38 °C.
On the other hand, the signal recovery for 1000 ppm of NH3 was found to decrease
from 0.67 to 0.25% for the increase of temperature from 22 to 38 °C which might
be because of desorption of NH3 molecules at elevated temperature. Due to the
adsorption of p-type dopant NO2, the hole conduction improves which leads to a
remarkable decrease in resistance, while the adsorption of n-type dopant NH3

decreases hole conduction, causing increase in resistance [59, 86]. However, as an
indication of good selectivity, the RGOH sensor exhibited little response to other
various gases (Fig. 13). Apart from surface adsorption, NO2 and NH3 molecules
can also diffuse between the layers of RGOH because of relatively high adsorption

Fig. 12 Effect of porous
structure on gas sensitivity for
the gas sensor prepared with
the composite of porous
PEDOT with RGO for the
detection of 5 ppm of NO2.
Reprinted with permission
from [80], © 2014, American
Chemical Society
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energy, whereas, the molecules of alcohols may interact only with the top few
layers, thus resulting in relatively smaller change of resistance change [87, 88].

A SWCNT deposited cellulose paper as well as glass was used by Han et al. [89]
for the investigation as humidity sensor. The schematic representation of the
mechanism of sensing behaviour of the sensors is shown in Fig. 14. SWCNT was
filtered using the cellulose paper and the resulting composite paper exhibited
improved sensing performance at 10% relative humidity in contrast to the glass
counterpart. The arrangement of CNT and cellulose fibres (CF) are depicted
schematically in Fig. 14 a, b. The porosity of paper facilitates soaking of SWCNT
which facilitates the charge carrier conduction through the unconnected nanotubes
(Fig. 14c). The overall resistance of the SWCNT deposited cellulose paper was
expressed as:

1
RPaper

¼ 1
RCNT

þ 1
RCF

þ 1
RCNT;CF

where, the resistance of the paper (RPaper) was considered as the equivalent resis-
tance of the resistance of CNT (RCNT), cellulose fibre (RCF) and CNT-cellulose fibre
system (RCNT,CF) in parallel connection. Moreover, each of these individual resis-
tances was also considered to be connected in series:

RCNT ¼
X

rCNT

RCF ¼
X

rCF and

RCNT;CF ¼
X

rCNT;CF

where r is the resistance of individual CNT or cellulose fibre.

Fig. 13 The sensing response of the reduced graphene oxide hydrogel (RGOH) sensor to
600 ppm CO2, 400 ppm NH3, 10 ppm NO2 and the vapours of some other organic chemicals at
different temperatures. The lined and solid bars correspond to the responses at 38 and 22 °C
respectively. The negative and positive values of the response correspond to increased and
decreased resistance upon exposure to these gases respectively. Reprinted with permission from
[85], © 2015, American Chemical Society
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Iwaki et al. [90] reported about the model with improved signal processing for
the application of thermally modulated polymer composite sensor. The composite
of polyvinylpyrrolidone (PVP) was prepared with 20 wt% of carbon black followed
by deposition on to a micro-hotplate using a commercial air brush through a mask
made by microstereolithography. Temperature modulation at 25, 35, 45 and 55 °C
was carried out by controlling voltage. The experimental temperature dependence
of the sensing behaviour was found in well correlation with the theoretical pre-
diction. Moreover, they also studied the sensing performance towards the mixture
of water and methanol. Figure 15 represents the comparative results of the sensing
responses towards water, methanol and the mixture of 1000 ppm of water with
varying concentrations (910, 1810 and 2710 ppm) of methanol. The respective
responses for individual vapours were superimposed to predict the response for the
mixture of vapours. The trend of the predicted and experimental sensing towards
the vapour mixtures were in well correlation, however, the experimental signal was
somewhat weaker than the predicted one.

Fig. 14 Schematic representation of humidity sensing mechanism for a the CNT sensor on glass
substrate and b CNT sensor on cellulose paper substrate. c Schematic representation of carrier
conduction between unconnected carbon nanotubes assisted by cellulose fiber. Reprinted with
permission from [89], © 2012, American Chemical Society
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Hossain et al. [3] used polymeric composite with carbon black for sensing of the
low concentration (2% of vapour pressure) of 1,4-benzoquinone, 1-octanol, acetone
in presence of water vapour and 400 ppm of CO2 as background. Slightly variation
in the responses were observed compared to in the absence of background gases.
The responses were reduced by on an average of 6–15% for poly(vinyl butaryl),
poly(bisphenol-A-carbonate) and poly(vinyl acetate) based sensor while exposed to
50% water vapour.

Homer et al. [91] used 20 wt% of carbon black in six different polymers, i.e.,
poly 4-vinyl phenol-co-2-hydroxyethylmethacrylate (P4VPhcHEMA), poly 2-vinyl
pyridine (PZVPy), poly N-vinyl pyrrolidone (PVPyr), ethyl cellulose (EC),
polyvinylidene chloride-acrylonitrile (N) and poly methylvinylether-alt-maleic acid
(PMVe-MAZ) for studying the gas sensing behaviour of the composites. Sensor
response was found to be adversely affected by the increase of temperature. The
matrix materials were ranked from greatest to least decrease in response to 100 ppm
of methanol as: PVPyr, P4VPhcHEMA, PMVe-MA2, EC, PZVPy, and N.

Fig. 15 Sensing performance towards the mixture of 1000 ppm water and methanol with the
concentration of a 910 ppm, b 1810 ppm and c 2710 ppm. Reprinted from [90], © 2009, with
permission from Elsevier
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6 Concluding Remarks

Various carbonaceous fillers like carbon black, single walled and multiwalled
carbon nanotube, graphene, fullerene etc. have been extensively investigated for
potential application in sensors. The matrix-filler combination played a major role
in the sensing activities. Apart from pristine fillers, chemical modifications resulted
in improved sensing performance in several cases. Moreover, the combination of
two fillers can be used effectively, and in some cases may exhibit synergistic
improved sensing behaviour. However, further researches aim at the improvement
of sensitivity, reversibility and selectivity. Since sensing of mechanical strain
depends on percolation phenomenon, achieving satisfactory level of strain sensing
at lower loading of filler is a challenge. Similarly, the scope of further improvement
of the range of temperature sensing, or the selectivity of vapours or gases are of
prime interest for improvement of the performance of temperature or gas sensors.
Nevertheless, the synthesis or preparation procedure may also influence signifi-
cantly the sensing behaviour. Therefore, the future research in the field of the
polymer composites of carbonaceous fillers may be oriented towards the opti-
mization of the material selection, composite preparation, surface modification as
well as the use of combination of fillers at different proportions to achieve enhanced
response, selectivity and reversibility of the sensing behaviour.
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The Use of Polymer–Carbon Composites
in Fuel Cell and Solar Energy
Applications

Aniruddha Chatterjee, D. P. Hansora, Purabi Bhagabati
and Mostafizur Rahaman

Abstract Energy conversion devices such as solar cells and fuel cells are con-
sidered as highly efficient devices that are capable of transforming and conserving
energy directly from the chemical energy into electricity. These are the devices
which do not cause evolution of any noxious pollutants to the environment. The
different carbon/polymer composites have concerned immense interest as functional
components in solar cells and fuel cells as energy conversion applications. In this
chapter, the point here is to give initiative about basic perceptive of different types
of carbon structured polymer nanocomposites, their characteristic properties, and
applications for the fuel cell and solar energy devices.
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1 Introduction

Major global issues related to energy and environments induce the pollution
problems related to the environment. Energy production from conventional sources
such as fossil fuels is recognized as the primary reason for the degradation of our
environment. Considerable efforts have been made since the past 25 years to utilize
the excellent characteristics of carbon nanomaterials, such as fullerenes, carbon
nanotubes (CNTs), and graphene, as a source to produce energy in different forms.
A remarkable progress has been attained for the development of high-performance
energy conversing and storing devices (e.g., fuel cells and solar cells). Nanoscience
and technology play a crucial role in revolutionizing the energy conversion devices.
Hybrid nanocomposites made from CNTs possess peculiar electronic and
mechanical properties, and as a result, they have been enjoying immense attention
from scientists and technologists toward its applications in the diversified field.
Integrating and exploring the carbon/polymer nanocomposites in solar and fuel
cells devices has increased the energy conversion efficiency of these devices, which
can serve as the future sustainable energy resources. Carbon–polymer nanocom-
posites materials have been also used successfully in energy storage devices such as
electrochemical batteries [1–8].

CNTs have been used as excellent materials for absorption of sunlight and for
generation of photo-carriers. There are mainly two types of CNTs: one is known as
single wall (SWCNTs) and another is known as multiwall (MWCNTs). Both are in
the range nanometric range of its diameter and compatible for organic solar cells
due to their properties. Diameter up to 20 nm of CNTs is preferred for OPV device
applications, and typically the diameter of SWCNTs and MWCNTs lies within a
range of 2–10 and 5–100 nm, respectively. On the other hand, both CNTs and
conducting polymers like polyaniline possess conjugated p-systems, which are
capable of conducting electrons from one end to the other. Their behavior of
electronic interaction is also projected to take place through p–p electron stacking.
Surface functionalized CNTs are capable to enhance the compatibility in water and
organic solvents. Moreover, functionalization of CNTs can improve the interfacial
compatibility with polymer matrix to avoid CNT aggregation in CNT/polymer
nanocomposites before their applications in energy conversion devices [9, 10].

Fuel cell efficiently transforms chemical energy into the electrical energy in
hydrogen-rich materials. Conducting polymer composites-based electrolyte mem-
branes are superior to the membrane made from standard materials, which is
because of ease handling, high energy density and low operating temperature of fuel
except for hydrogen. The contribution of CNTs is reviewed and reported due to its
proton conductivity and improved mechanical strength of PEMFC. Their role in
electrocatalysis has been studied with respect to facilitating the use of noble metal
catalysts (such as platinum) and also exploring the use of platinum-free catalysts
[11, 12]. Even though many researchers have reported about conductive polymer
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composites (CPCs) system as bipolar plates for the application of PEMFCs and PV
devices, in-depth research is necessary to study the combined system of hybrid
fillers bipolar plate materials for the better electrical conductivity of the conducting
polymer composites. Therefore, some carbon-based conductive fillers are required,
which include GO, CNTs, RGO, graphite, carbon fibers, and carbon black that can
be used as reinforced filler to improve the overall performance of CPCs for the
application in bipolar plates [1]. Yuan et al. [6] reported redox flow batteries and
lithium ion flow batteries developed using various polymer/carbon nanocomposites
(such as PEDOT/CNTs, Nafion/CNTs, PEG/CNTs, PI/CNTs, PANI/CNTs, PPY/
CNTs, and PEDOT/CNTs). Tan et al. [8] reviewed CNT-based composites for fuel
cell and solar cell applications.

Solar energy emerged as a great potential for sustainable and clean energy source
because of its plenty and more regular distribution in nature compared to other
competing renewable sources. Solar cells with improved efficiencies have been a
keen interest due to the need for green energy sources and most commercially used
cells today. Development of various solar cells has shown considerable attention
since the last two decades, which includes first-generation silicon (Si) based solar
cells, second-generation semiconductor thin films-based solar cells and recent
development of third generation dye-sensitized solar cell (DSSC) also known as
hybrid cells, and organic semiconductor solar cells or organophotovoltaic
(OPV) cells. New generation of solar cells including thin films based DSSC,
quantum DSSC, and polymer/organic solar cells possesses the excellent capacity to
be used as PV devices due to their high energy conversion performance and low
fabrication cost. One of the developing areas of these solar cells is the addition of
CNTs to the various components of the devices. Comprehensive research has been
conducted in order to attain high photoconversion efficiency of solar cells after
addition of CNTs into the device like nanoarchitecture on the working electrode
surface, CNTs composite as counter electrode, and addition of CNTs to the elec-
trolyte [8, 10].

Dai et al. [13] reviewed carbon nanomaterials (fullerenes, CNTs, graphene) for
energy conversion devices as solar cells made from based on polymer/carbon
nanocomposites. Alturaif et al. [10] reviewed solar cells based on polymer/carbon
nanocomposites. Composites of CNTs with small molecules and polymers are most
widely studied structures used in solar cell design, where CNTs took the role of an
electron acceptor and light is getting absorbed through the CNT flattering element.
Polymer and composites materials were also studied for energy applications [14].

Polymer/carbon nanocomposites are promising potential materials for energy
conversion and storage devices due to their merits such as mechanical strength,
conductivity, flexibility, and cost. In this chapter, different conducting polymer/
carbon nanocomposites made from different carbon materials like graphite, carbon
blacks, carbon fibers, CNTs and graphene, GO, and RGO are discussed for fuel cell
and energy device applications.
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2 Carbon/Polymer Composites in Fuel Cell Applications

Carbonaceous nanomaterials are very important for the better performance of PEMFC
irrespective of their use in cathode, anode and in bipolar plates [1, 3, 4, 11, 15–17].
Polymer/carbon nanocomposites have been used in fuel cell such as PEMFC, alkaline
fuel cell,molten carbonate fuel cell, phosphoric fuel cell, and solid oxide fuel cell [1, 3,
4, 11, 15–17]. The use of nitrogen-doped functionalized CNTs refers to the possibility
of total platinum removal from membrane electrolyte assembly in the near future.
Some of these recent advances in the application of CNTs and related materials in the
design of PEMFC have been reviewed and discussed by Kannan et al. [4]. The use of
polymer nanocomposites-based electrolytes with the help of selectively functional-
ized CNTs opens prospects to combine the nanostructure-tuning capabilities of CNTs
with the unique ionic transport properties of polymeric membrane electrolytes to
enable key benefits although the Nafion–sulphonated CNTs are in areas of hydrogen–
oxygen fuel cells exploiting the nanostructured electrolyte membrane’s ionic trans-
port and improved mechanical properties [4].

Bairan et al. [1] studied the bipolar plate made from polypropylene (PP)/carbon
nanomaterials (graphite, carbon black, CNTs) based composites for PEM fuel cell
applications. They found that CNTs as third filler (6 wt% loading) in a G/CB/PP
composite showed the density, shore hardness, and in-plane electrical conductivity
of 1.64 g/cm3, 81.5 (SH), and 158.32 S/cm, respectively. Moreover, the optimum
value of flexural strength was reported to be 29.86 MPa for 5 wt% of CNT [1].

Singh et al. [3] developed polymer–metal nanoparticle-carbon micro-nanofiber-
based nanocomposites are efficient material for airborne cathode in a membraneless
microbial fuel cell having only one cell. The polymer with polyvinyl alcohol
(PVA) and poly methyl vinyl ether-alt-maleic anhydride (PMVEMA) was used as a
monomer and a cross-linking agent, respectively. The polymer composites were
coated over a multi-scale web of activated carbon fibers (ACF) and carbon nano-
fibers (CNF) where alumina (AA) and Ni nanoparticles (NPs) were dispersed.
Figure 1 shows the SEM micrographs of the ACF in micrometer size with smooth
surface with uniform pores on the surface (Fig. 1a). A uniform dispersion of metal
NPs was also observed at both places inside the pores as well as on the surface of
the ACFs (Fig. 1b). SEM images of the samples with low magnification can also be
observed in the insets of Fig. 1a–d [3].

Novel cross-linked polymer (PVA-PMVEMA) composites were prepared and
coated on the ACFs/CNFs using transition metal (AA/Ni) NPs. These polymer–
metal–carbon nanocomposites were used as an efficient material for air-cathode in
SMFC without any requirement of proton exchange membrane. The polymer com-
posites permitted the passage of only cations (Hþ), except the anions. Different CNT/
polymer-based nanocomposites like CNT/Nafion and CNT/SPEEK possess excellent
physical properties (e.g., mechanical strength, chemical stability, ion selectively,
good cell performances) and have been successfully used in fuel cell for energy
application. For obtaining the good properties of CNT and SPEEK matrix and also
eliminating their individual disadvantages, short-carboxylic MWCNTs were well
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dispersed in the traditional SPEEK membrane for better interaction. Besides, proper
dispersion of CNTs and van derWaals interactions, good electrostatic interactions and
p–p interactions between the aromatic groups of SPEEK and the sidewall of CNTs
enhanced the mechanical strength drastically (61.8 MPa) as compared to a pristine
SPEEK membrane (39 MPa) [3]. In situ chemically oxidative synthesized carbon/
poly(3,4-ethylene dioxythiophene) (C/PEDOT) composites were also developed for
carbon-supported catalysts used in PEMFC [18]. Zhang et al. [19] reviewed carbon
nanohorns/polymer composites as catalysts in fuel cells applications. Zhu et al. [20]
also examined about various graphene–polymer nanocomposites and reported as a
potential material for building the ideal anodes in fuel cells which possess excellent
electrical conductivity and mechanical properties, profuse surface functionality, and
exceptional electrochemical properties. Polyaniline (PANI)-graphene nanosheets
(GNS) modified cathodes were prepared by in situ polymerization of aniline in uni-
formly dispersed GNS solution. The PANI-GNS electrode was used as the cathode of
MFCs to improve the capacity of electricity generation andORR efficiency. Similarly,
PEDOT/graphite, PANI/RGO and polypyrrole (PPy)/RGO, PPy/GO, and PPyERGO
nanocomposites were also reported to be used as anode catalysts in fuel cells [20].

Fig. 1 SEM images of the a activated carbon fiber, b alumina: nickel-activated carbon fiber,
c alumina: nickel-activated carbon fiber/carbon nanofiber, and d polymer–alumina:
nickel-activated carbon fiber/carbon nanofiber (inset images for all cases are at low magnification).
Reprinted with permission from Ref. [3]
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Huyen et al. [11] reviewed the future research trend for development of CPs/CNTs
systems. Literature indicates that CNTs have great potential to be used as multi-
functional materials for better PEMFC performance [12]. The PANI/CNTs
nanocomposites have been used as proficient electrocatalyst in cathode–anode fuel
cell reactions like oxygen reduction and methanol oxidation. Generally, CNTs pro-
vide high surface area and show better electronic conductivity, while PANI facilitates
the appropriate electron transfer throughout the resulting conducting polymer matrix.
MWCNTs-g-PANI composites showed approximately 610 mVmore positive current
onset potential for the two-electron oxygen reduction reaction. A poly(o-phenyle-
nediamine)–MWCNTs composite was reported to have a polymer redox-mediated
electrocatalytic effect for oxygen reduction reaction with a fivefold enhancement in
current and a positive potential shift of 130 mV compared to the values acquired
at a pure poly(o-phenylenediamine) electrode. The PANI/CNTs composites are
outstanding host matrices for metal NPs as resulting composite materials can be used
as electrodematerials inmethanol oxidation reaction for fuel cell application. The size
of the metal nanoparticles embedded on the composite matrix was reported to be
smaller than that on pristine PANi material. As a result, a higher dispersion can be
achieved and hence metal nanoparticles-impregnated composites can be used in an
optimized way for better and high performance and stability. The PANi/CNTs/metal
nanoparticles-based composites have shown a reduced poisoning effect from adsor-
bed carbon monoxide other than enhanced electrocatalytic activity effect. PANI/
CNTs composites-based anode in microbial fuel cell, in 0.1 M phosphate buffer
consisting of 5.5 mM of glucose, Escherichia coli bacteria as the microbial catalyst,
and 2-hydroxy-1,4-naphthoquinone as mediator, have been reported with a capability
of cell voltage of 450 mV and a power density of 42 mW/m2. The polymer
nanocomposites-based membrane exhibited higher thermal and ionic conductivity
associated with the lower fuel drag than that of bare polymeric materials due to the
synergetic effect of the ingredient properties. In near future, the combined effort of
both industrial and academic research activities can be triggered by the development
of polymer nanocomposites-based electrolytemembranes for their commercialization
in fuel cells [11, 12]. Sharma et al. [17] summarized various CNT–polymer
nanocomposites based on cathode catalysis in PEM fuel cell as well as challenges and
progress in the application of various carbon nanomaterials (CNTs and graphene)
owing to their promising properties such as corrosion resistance, high electronic
conductivity, and large surface area.

3 Carbon/Polymer Composites in Solar Energy
Applications

Dai et al. [13] reviewed carbon nanomaterials (fullerenes, CNTs, graphene) for
solar cells based on polymer/carbon nanocomposites. The observation of PV effects
arises from the photo-induced charge transfer at the interface between C60 film as an
acceptor and conjugated polymers as donors. This suggests attractive openings for
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enhancing the energy conversion productivities of conjugated CPC-based PV cells.
Solar cells with bilayer heterojunction, interpenetrating networks consist of two
semiconducting polymers are ideal as PV materials for a high efficiency of PV
conversion. The CPC structures with interpenetrating network provide the spatially
dispersed interfaces essential for both a resourceful photogeneration as well as a
facile collection of the electrons and holes. The thermal annealing technique
improves the efficiency of polymer solar cells. It was observed that the photolu-
minescence, photoconductivity, and electroluminescence can be improved by
enhancing the wettability between the surface of CP and MWCNTs. Bilayered
polymer (poly(3- hexylthiophene) (P3HT)/PCBM) based solar cells with a con-
centration gradient exhibited an improved power-conversion efficiency and pho-
tocurrent density as compared to those of the conventional heterojunction PV cells.
The C60 layer in bilayered devices generally provides an additional protection to the
polymer layer from degradation due to oxygen and humidity, which overall
improves the stability of device. The efficiency of P3HT/P3OT-based PV cells was
strongly influenced after addition of functionalized graphene as an acceptor, which
indicates an efficient charge transfer to graphene acceptor from the polymer as
donor. However, the device performance depends strongly on the concentration of
graphene, annealing time, and temperature, respectively. The graphene quantum
dots (GQDs) as electron acceptors, electrochemically synthesized with a uniform
size of 3–5 nm, have been developed in application of P3HT-based solar cells. The
power-conversion capacity of P3HT devices based on GQDs as acceptors was
reported to be improved greatly due to the effective charge transport and separation
[13].

Kymakis et al. [21] reported spin-casted composite films made from poly
(3-octylthiophene) (P3OT) and SWCNTs. The film was formed onto a substrate
made of indium tin oxide (ITO), which was coated on quartz. According to his
observations, Al/P3OT–SWCNT/ITO structure-based diodes (Fig. 2A) possess PV
characteristic of an open circuit voltage of 0.7–0.9 V at very low CNT concen-
tration (<1%). The short circuit current (Isc) was reported to increase by twofold
compared to the neat polymer-based devices (as shown in Fig. 2B), but an
increasing fill factor was observed within the range 0.3–0.4 for the CNT–
polymer-based solar cell. This improvement in performance of the device was
ascribed due to the better electronic properties and large surface areas of CNTs.
When dye molecule was added into the polymer–SWCNT based solar cell, there
was a substantial improvement of the light absorption capability especially in the
UV as well as red region that led to five times increment in the short circuit current
(Isc) [13, 21].

The one-atom thick 2D carbon networks of graphene have a larger interface in a
polymer matrix than that of CNTs. Hence, there was a lesser chance of short circuit
through the PV. Similar to 0D-fullerenes and 1D-CNTs, the 2D-graphene
nanosheets are new class of transport materials and have been used as acceptors
in polymer solar cells (PSCs) [13, 22].

Yu et al. [22] have reported the preparation of PV devices based on soluble
P3HT grafted graphene (G–P3HT) those are bilayered and heterojunction in nature.
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Chemical grafting was done by esterification reaction to graft CH2OH-terminated
regioregular P3HT onto carboxylic acid functionalized GO (Fig. 3A). It was
reported that the resultant product G–P3HT was found to be soluble in almost all
common organic solvents. It is also suitable for fabricating devices through solution
mixing process. A strong electronic interaction and covalent linkage was shown
between P3HT and graphene moiety in G–P3HT composites, which was proved by
both spectroscopically and electrochemically. This played a vital role in improving
the charge transport and hence better device performance. A solution-casted
G–P3HT/C60 heterostructures-based bilayer photovoltaic (PV) device showed a
200% increment in the power-conversion efficiency (η = 0.61%) compared to the
P3HT/C60 counterpart under illumination of 100 mW/cm2 (Fig. 3B). This consid-
erably enhanced solar device performance was due to the good bandgap matching
and strong electronic interaction [Fig. 3B(b)] between the chemically bonded P3HT
and graphene. This work also indicated that graphene is an efficient hole trans-
porting material in CPC-based solar cell devices [13, 20, 22].

Alturaif et al. [10] reviewed solar cells based on polymer/carbon nanocompos-
ites. Different organic materials such as conjugated polymers, organic molecules,
and known carbon materials such as amorphous carbon, CNTs, fullerenes, and
graphene, respectively, were used for both organic as well as organic–inorganic
hybrid solar cell devices. Besides, CNTs exhibit interesting physical, chemical, and
optoelectronic properties required for many feasible and potential applications.
Moreover, polymer–SWCNT-based solar cell devices have been reported as new
alternatives, flexible and lightweight devices for space power applications. They
also summarized the performance of CNT/conducting polymer-based solar cell
devices.

Fig. 2 A Illustrative example of the P3HT/SWCNT PV cell. B (a) current–voltage (I–V) curves of
ITO/P3OT/Al device in dark (lower one) and (b) I–V curves for ITO/P3OT–SWNT/Al device.
Reprinted with permission from Ref. [21]
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MWCNT-tetrasulfonate copper phthalocyanine-based nanocomposites have
been studied for development of bulk heterojunction devices. These devices are
known as a hole extracting material and possess high work function. These devices
have been reported with the efficiency of 1.25% [23–26]. Different approaches have
been reported for reinforcement of CNTs in the whole harvested or conductive
component for a polymer solar cell device, as shown in Fig. 4.

Alturaif et al. [10] reviewed transparent MWCNT sheets for the application as an
interlayer anode electrode for tandem OPV devices. According to the report, thin
films of PEDOT:PSS/P3HT:PCBM nanocomposites on top of an ITO coated glass
substrate acted as a front cell, and the Al/Bathocuproine (BCP)/C60/CuPc:C60/
CuPc/PEDOT:PSS nanocomposites structure as back cell. The MWCNT layer was
sandwiched between two front cells and back cells, which resulted in a device
efficiency of approximately 0.31%. However, adding a thin CNT film at the interface
of P3HT:PCBM layer showed the promising efficiency of 4.9%. This is attributing
due to the thin CNT film can be easily inserted either between the PEDOT-PSS layer
and the active layer or between the ITO and PEDOT-PSS layers. Poly
[(2-methoxy,5-octoxy)-1,4-phenylenevinylene](MO-PPV)/SWCNT-based
nanocomposites are also accounted with nonstandard solar simulation and low
efficiencies of device up to 0.004%. Poly-hexylthiophene derivatives are the most
commonly used polymer with SWCNTs because of their resulting composites-based
donor–acceptor solar cells exhibited a better efficiency of 0.52% [10].

Fig. 3 A A scheme representing chemical grafting process onto graphene. B (a) A scheme
representing structures of different cells, (b) energy levels of G–P3HT/C60 PV device, and (c) I–
V curve of both PV devices. Reprinted with permission from reference [22]
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Zhang et al. [19] reviewed DSSC made from carbon nanohorns/polymer com-
posites. Design and progress of graphene/polymer based PV are one of the
promising routes to connect the extraordinary properties for the development of
efficient solar-to-power conversion devices. Graphene and functionalized GO and
rGO are the smart and potential materials for PV cells with specific functions
depending upon their fascinating qualities [20]. They reviewed graphene filled
polymers and their application in PV solar devices. They discussed the multi-
functional applications of graphene-based composites as the whole transport
components counter electrode and electron acceptor, and hybrid polymer solar cells.
Carbon materials have also a major role in the development of alternative clean and
sustainable energy technologies [14, 27, 28]. Candeleria et al. [27] summarized
carbon nanostructured materials and their application in energy conversion appli-
cation such as solar cell and fuel cell devices. Hosseini et al. [29] reviewed the
properties of CNT–polymer nanocomposites and their application in solar cell PV

Fig. 4 Different approaches for incorporating carbon nanotubes in the whole harvested or
conductive component for a polymeric solar cell. a First diagram showed the replacement of ITO
by CNT layer; second diagram showed the replacement of PEDOT:PSS as well as ITO by CNT
layer; and third diagram showed device’s top view where black dots represented contacts points.
b Device schematically representing anodes made with ITO/SWCNT thin film showed at the upper
panel. The corresponding I–V characteristics measured at 100 mW/cm2 in the presence of halogen
white light and in dark using a reference solar cell on ITO-glass substrate, whereas the best solar
cell using an SWCNT–glass current collector is presented at the lower panel. c The potential
flexibility where SWCNTs and polymer substrate were used. Reprinted with permission from Ref.
[24] for Fig. a; from Ref. [25] for Fig. b; and from Ref. [26] for Fig. c
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devices. He explained the essential aspects and the physical mechanisms of CNT–
polymer nanocomposites which can control the photo-conversion, light–matter
interaction, charge transfer, photo-generated charge-carrier transport, and energy
transfer in the CNT–polymer nanocomposites. The influence of the processing
conditions on the electronic properties of PV solar cell device-related performances
was also discussed. Adler et al. [30] prepared polystyrene/MWCNT based
nanocomposites for solar cell application.

4 Summary

The fundamental interface chemistry and ionic transportation generally control the
development of energy storage devices. Here, various carbon nanomaterials-based
conducting polymer composites for solar cells and fuel cells applications have been
discussed. Both cells have a keen interest for the development of next-generation
energy production and conversion devices. The conducting polymer/CNT based
hybrid solar cells are still keeping little bit behind the other solar cell technologies.
In terms of cost, the conducting polymer/carbon-based energy devices would be
much cheaper. On the other hand, the stability of conducting polymer/carbon
composites may influence the cycling stability which requires an in-depth research.
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Polymer-Carbon Composites
as Anti-corrosive Materials

Sanjay Pal, Tuhin Chatterjee, Partheban Manoharan
and Kinsuk Naskar

Abstract The objective of this chapter is to focus on the recent developments of
polymer-carbon composites in terms of utilizing various forms of carbon, i.e.,
graphene or graphene-like sheets, carbon nanotube, along with polymer binder for
high-performance anti-corrosive paints. The attributes to final properties of dried
film coating can be resolved into two major parts, i.e., attributes due to binder and
additives. The role of binder and additives has been discussed separately in the
subsequent sections. A general idea has also been discussed as a premise to give the
right context before the objective of this chapter is discussed, i.e., Polymer-carbon
composites as anti-corrosive material.

Keywords Corrosion � Anti-corrosive materials � Graphene � Carbon nanotube

1 Introduction

Initially, the methods and technologies to protect the metal against corrosion were
rooted to local area or country only. During the colonization period from seven-
teenth to nineteenth century, scientific methods and technologies transcended all
geographical boundary, and the major rapid development was observed. Metals are
the engineer’s first choice for structural applications because they are mechanically
strong and exhibit excellent load bearing capacity. But unfortunately most metals
those used for structural applications, i.e., iron, aluminium, copper, etc., are quite
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reactive to oxygen and other corrosive species, which leads to impairment or
deterioration of mechanical properties. Therefore, there is a need for some measures
which can protect these metals from corrosion. In this era of growing competi-
tiveness, economy plays a major role in the material selection for any structural
application. Some metals in its pure form may qualify the required physical
properties and desired inertness against corrosion simultaneously, limited avail-
ability and high cost of such materials would rather push our engineers to look for
some other ways to protect readily available metal from the corrosion. The
requirement of inertness to corrosion and desired mechanical properties are contrary
to each other, and therefore, an additional step, called ‘coating of the material’ is
required in the structure building process. Undoubtedly the technologies for cor-
rosion prevention has become well evolved, the basic mechanism working behind
these measures is still the same-covering metal surface with some impermeable
material to cut-off the contact between corrosive species and the metal surface.
Corrosion is an undesirable phenomenon that leads to the formation of a stable
compound from a pure form of metal. The process of corrosion is slow, sponta-
neous and complex. Its study involves several observations often driven by the
environment-substrate system.

2 Various Forms of Corrosion

There are various types of corrosions which are shown in Fig. 1.

2.1 General Attack Corrosion

This is the most common type of corrosion, and it is also named as uniform attack
corrosion shown in Fig. 2. In general, it is caused by a chemical and electro-
chemical reaction which results in the deterioration of the entire surface of the metal
exposed to the environment.

2.2 Localized Corrosion

Unlike uniform attack corrosion, localized corrosion specifically attacks only one
area of the metal structure. It can be classified into three categories shown in Fig. 3.

Pitting

Pitting corrosion results the formation of a small hole or cavity in the metal usually
as a result of de-passivation of the small area shown in Fig. 4. This area becomes
anodic, and the remaining metal surface becomes cathodic which produces the
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Fig. 1 Various types of corrosion

Fig. 2 General attack
corrosion

Fig. 3 Different types of
localized corrosion
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localized galvanic reaction. This form of corrosion is considered to be more dan-
gerous because it is often difficult to detect or predict due to the fact that it is
relatively small and it is mostly covered and hidden by the corrosion products.
A small, narrow pit with minimal overall metal loss can lead to the failure of an
entire engineering system.

Crevice Corrosion

Like pitting, it also occurs at a specific location. Crevice corrosion is usually
associated with a stagnant solution on the micro-environmental level. Those stag-
nant microenvironments tend to occur in crevices (shielded areas) such as those
formed under gaskets, washers, insulation material, fastener heads, surface deposits,
disbonded coatings, threads, lap joints, and clamps shown in Fig. 4.

Filiform Corrosion

This type of corrosion occurs under painted or plated surfaces. When water brea-
ches the coating, filiform corrosion begins at small defects in the coating and
spreads to cause structural weakness.

2.3 Galvanic Corrosion

It is also termed as dissimilar metal corrosion, and it happens when two different
metals are electrically connected together in a corrosive electrolyte. As a result, a
galvanic couple forms between the two metals in which one metal act as anode and
the other as a cathode which is shown in Fig. 5.

In the presence of environment, the most active metal (anode) will corrode at a
faster rate than it would alone while the less active metal (cathode) deteriorates
slowly. Galvanic corrosion occurs because different elements have different
chemical activities and different alloys with different chemical compositions will
have different chemical and electrochemical properties in the same environment.
Apart from, several factors including the ratio of the areas of each alloy exposed to
the environment, the potential difference between the alloys, the electrical resistivity
of the joint and the conductivity of the environment are responsible for the galvanic
corrosion.

Fig. 4 Pitting and crevice corrosion
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2.4 Environmental Cracking

Environmental cracking results from the combination of various environmental
conditions such as temperature, a chemical environment that can affect the metal. It
can be of different types

(a) Hydrogen-induced cracking
(b) Corrosion fatigue
(c) Stress corrosion cracking
(d) Liquid metal embrittlement.

2.5 Flow Assisted Corrosion

It is also termed as flow-accelerated corrosion. In the presence of wind or air, if the
protective layer of oxide on top of the metal surface is removed or dissolved flow
assisted corrosion takes place. As a result, the underlying metal surface is exposed
to the environment to deteriorate further and corrode. It can be various categories
such as

(a) Impingement
(b) Cavitation
(c) Erosion-assisted corrosion.

2.6 Intergranular Corrosion

The microstructure of metals or alloys is made up of grains which are separated by
the grain boundaries. Intergranular corrosion is the localized attack near to the grain
boundaries or immediately adjacent to the grain boundaries while the bulk of the
grains remain unaffected which is shown in Fig. 6.

Fig. 5 Galvanic corrosion
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This occurs due to the presence of the impurities in the metal. Impurities often
have the tendencies to be present in large quantity in the vicinity of the grain
boundaries and therefore these grain boundaries are more vulnerable to corrode
than the bulk of the metal.

2.7 Dealloying or Selective Leaching

This is also termed as demetalification, parting or selective corrosion. This is the
process in which selective removal or selective corrosion of an element takes place
from an alloy shown in Fig. 7.

Dezincification of the unstabilized brass is the most common example of deal-
loying which results the formation of porous copper structure.

2.8 Fretting Corrosion

Fretting corrosion refers to corrosion damage at the asperities of contact surfaces. It
happens as a result of repeated wearing, weight or vibration on an uneven, rough

Fig. 6 Intergranular
corrosion

Fig. 7 De-alloying
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surface. Contact surfaces exposed to vibration during transportation are exposed to
the risk of fretting corrosion.

3 Factors Affecting the Corrosion

Corrosion of metal depends upon various factors. These factors can be divided into
two categories: Primary factors that are related to metal and the secondary factors
that are related to the environment. Let us first consider the primary factors.

3.1 Primary Factors

Nature and Reactivity of the Metal

Metals with lower electrode potential (e.g., zinc, magnesium, aluminium) corrodes
at a much faster rate than the metals with higher electrode potential (gold, silver,
platinum). As a result, when the two metals are in contact with each other, higher
the difference in electrode potential between the two metals higher will be the
corrosion rate.

Ratio of Cathodic to Anodic Region:

The ratio of cathodic and anodic region is an important factor that governs the
corrosion rate. If a metal has a small anodic region and large cathodic region, the
corrosion rate is very high. The free electrons in the anode are easily consumed in
the cathodic region. Therefore, the free electrons of the anode are rapidly consumed
at the cathode, if the cathodic region is larger. This results in further enhancement
of the anodic reaction which leads to overall increase of the corrosion rate.

The Surface State of the Metal

As corrosion is a surface phenomenon, larger the surface area or finer the grain size
of the metal.

Presence of Impurities

The rate of corrosion enhances in presence of impurities (even in small amount) in
the metal also. Presence of impurities helps to set up a voltaic cell that promotes the
corrosion.

Nature of the Corrosion Products:

Sometimes corrosion products (e.g., metal oxide) formed on top of metal acts as a
protective barrier. It prevents the corrosion by acting as a barrier between the metal
surface and the corrosion medium. The corrosion products must have to be stable,
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non-porous, and insoluble. On the other side, if the corrosion products are porous,
unstable, and soluble, it further enhances the rate of corrosion.

Hydrogen Overvoltage

Higher the hydrogen overvoltage of metals on its surface lesser is the corrosion.
Metals with lower hydrogen overvoltage on its surface are more susceptible to
corrosion. At lower hydrogen overvoltage, the liberation of hydrogen gas is very
easy which in turn makes the cathodic reaction very fast. As a result, the anodic
reaction becomes faster and thus increases the rate of corrosion.

3.2 Secondary Factors

Temperature

In general, corrosion rate increases with the rise of temperature. With increase of
temperature, conductance of the medium increases and hence the diffusion rate also
increases. Therefore corrosion progresses faster at higher temperature.

pH of the Medium

Rate of corrosion is higher in acidic pH rather than the neutral and alkaline pH. For
iron, at very high pH protective coatings of iron oxide formation takes place which
prevents the corrosion. On the other hand at low pH several corrosion takes place.

Presence of Electrolyte

Presence of electrolytes in normal water also increases the corrosion rate. In sea
water iron corrodes at a much faster rate than the normal distilled water. This is due
to the presence of salts (e.g., sodium chloride) that can acts as an electrolyte.

Presence of Carbon Dioxide in Water

Carbon dioxide (CO2) present in normal water also increases the rate of corrosion.
CO2 acts as an electrolyte and increases the flow of electron from one side to
another side and thus enhances the rate of corrosion.

Effect of oxygen
Humidity

Humidity plays a major role in promoting and accelerating the corrosion rate. The
more the humidity of the environment more will be the corrosion.

Apart from, acid rain (a chemical by-product from the industries), chlorides (in
costal area) also promotes the corrosion.
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4 Corrosion Prevention

Considering the above matter of fact, since hundred years corrosion and its pre-
vention has become the serious concern for human being. To meet the demands of
common citizens of any nation, continuous work is being done to develop a good
infrastructure system, especially in developing countries like India, China, etc.
Therefore, the production of metals for structural application is growing each year,
and so the expenditure towards corrosion prevention. Corrosion related expenditure
indeed constitutes a considerable part of the total economy of a country. However,
such values may vary from country to country, but the common goal for many
countries is to keep their infrastructure.

In state of the art development, the metals substrates are made corrosion resistant
in the first place by alloying or diffusion process to maximize the metal’s service
life [1]. Once the suitable metal is chosen for structural construction considering the
inherent resistance of metal towards corrosion, surface of metal is treated via
various techniques [2, 3]. The purpose of surface treatment is to increase the surface
energy so that the anti-corrosive coating adheres well with the substrate to inhibit
the contact between corrosive species and metal. The next step is the application of
anti-corrosive coating. Coating is applied to meet the requirements. Figure 8
exhibits the critical step involved in the process of protecting metal against
corrosion.

Fig. 8 Critical steps involved in the process of corrosion prevention
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4.1 Various Coatings Used for Corrosion Prevention

Figure 9 shows the classification of coatings used for corrosion prevention: organic,
inorganic, conversion, and metallic. All these types of coatings are better in one
way or another. It is important to understand that no single coating is effective
enough to protect metals against corrosion under all kind of environment for pro-
long time. Therefore, a combination of coatings is often required to ensure good
protection against corrosion. However, most organic-based coatings will be dis-
cussed in this chapter.

Paint is one of the most important and widely used commodities in various
applications. Paint is applied to metal surfaces to prevent corrosion. The paint
industry for protection against corrosion is one of the longest running industries for
the production of goods of basic need. However the technologies have evolved
dramatically over past few decades, the underlying mechanism for corrosion pre-
vention remains the same, i.e., barrier, sacrificial, and inhibitive.

In recent time, environmental concern over the emission of volatile organic
compounds (VOCs) from the applied paint has caused a significant change in the
anti-corrosive coating technology. International and national legislation aimed at
reducing the emission of VOC, which led to significant change in the formulations
and development of new VOC-compliant anti-corrosive paint, and commercial-
ization of several alternatives to organic solvent-borne paint. The thorough

Fig. 9 Classification of various coatings
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understanding of all components in the anti-corrosive paint, substrate environment
interaction and detailed coating failure analysis are the key aspect in the develop-
ment of VOC compliant, high-performance anti-corrosive coatings. The
anti-corrosive coating companies are now compelled to produce high solid content
or water-borne coating with a low amount of organic solvent to comply with the
current norms on restricting VOCs level up to a certain limit. However, in a harsh
environment, these water-borne coating may not be effective as compared to that of
the organic solvent-borne coating. Undoubtedly for general purpose applications or
where the requirements are not very stringent, the manufacturing procedure of
anti-corrosive paint is well established and commercialized, but the
high-performance anti-corrosive coating is yet being studied at laboratory scale.
The complexity of paint-substrate and paint-environment system affecting the
efficacy and durability of the paint is one of the reasons why there is less number of
high-performance anti-corrosive coating- surface type, surface pre-treatment, cur-
ing, coating thickness, compounding ingredients and adhesion of paint with sub-
strate also decides the performance of anti-corrosive paints. In this chapter, the role
of environment and compounding ingredient in anti-corrosive coatings is discussed
in the subsequent sections.

4.2 Environmental Effect of Anti-corrosive Paint

Since environment plays a critical role in the corrosion process, the important
aspect in the efficacy of coating/paint technology is the understandings of envi-
ronment for the development of advanced high-performance anti-corrosive coating
with prolong service life. An anti-corrosive paint may be exposed to, i.e., water,
soil, atmosphere or UV radiation, etc. The type of environment and conditions
during the whole service life sets the specific requirements for the development of
anti-corrosive coating. According to ISO 12944 “coating and varnishes—Corrosion
protection of steel by protective coating system” the environment can be classified
into three categories, i.e., immersion, atmospheric, and splash zone [4] that is
shown in Table 1.

Table 1 Classification of
environment experienced by
the anti-corrosion coatings

Soil

Immersion Fresh water

Sea water

Chemicals

Splash zone Costal area

Reverine

Atmospheric Marine

Industrial

Rural
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The applied coatings in the atmospheric environment are exposed to several
potential factors, i.e., UV radiation, moisture, heat, gas, pollutants, soot, salt, etc.
Such factors significantly affect the corrosivity of the atmospheric environment and
the requirements for the high-performance anti-corrosive coating. Further, the
corrosivity level of atmospheric environment can be divided into six categories
from very low (C1) to very high corrosivity (C5-I and C5-M), as listed in Table 2.

The corrosivity level in the rural area is low since the content of solid particle,
soot and sulfate salts in the rural atmosphere is less as compared to the industrial
and marine atmosphere. The high corrosivity level of industrial and urban atmo-
sphere and the combination of sulfur based pollutant and rain results in acid rain
which consequently let the coating exposed to the acidic environment. Like the
industrial atmosphere, the marine atmosphere is also highly corrosive, containing a
high content of chloride ion, thus making the marine environment very aggressive,
causing corrosion like pitting. The environment impact of marine and industrial
atmosphere is very different from that of rural one. Therefore, proper care should be
taken while designing the formulation and fabrication as there will be very different
conditions subjected on anti-corrosive coatings.

The anti-corrosive coating applied on structures installed near the offshore area is
frequently exposed to ion rich atmosphere and a continuous splash of electrolyte
from the sea. Besides the mechanical stress due to the combination of alternating
moisture and dryness, the ultraviolet radiation also accelerates the failure of the
coating applied to the substrate.

The requirements for anti-corrosive paints, when exposed to the environment of
continuous immersion are more stringent and specific. For many applications, the
structures are intended to work underneath the soil or water for prolonged period.
Therefore, the correct choice of compounding ingredients becomes a very important
aspect of the development of high-performance anti-corrosive paint and ensuring
good durability and effectiveness. The soil type, humidity, bacteria, salts, dissolved
oxygen and pH are some of the important factors to be considered while designing
the paints for structures buried in soil. The combination of salt and dissolved gases
in water is more detrimental and corrosive to substrate then atmospheric exposure.

Table 2 Division of corrosivity level and impact (reproduced after permission granted from Ref.
[6])

Environmental Corrosivity
level

Impact Examples

C1 Very low Indore dry room (relative humidity
<60%)

C2 Low Indoor non-heated and ventilated room

C3 Medium Rural environment far from industrial
area

C4 Heavy Urban or industrial areas

C5-I Very heavy
industry

Industrial area with high relative
humidity

C5-M Very heavy marine Coastal and offshore areas
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Apart from good mechanical properties and thermal stability, an anti-corrosive paint
should exhibit resistance to microbial action and biofouling in sea water which
contains a very high concentration of the electrolytes.

4.3 Various Anti-corrosive Coatings

An anti-corrosive coating consists of several layers of thin coating each having
different purpose and characteristics; the numbers of coat obviously will depend on
the requirements of an application. Typically an anti-corrosive system consists of
three layers of coating: a primer, an intermediate and a top coat. This individual
layer can be metallic, inorganic, or organic. The primary purpose of a coat
regardless of its type is to create barriers between the surface of a substrate and the
environment surroundings. The primer protects the surface against corrosion and
ensures good adhesion between the substrate and the intermediate coat. Primer coat
generally consists of metallic zinc or some inhibitive pigments. Next, the inter-
mediate coat is applied to build up the required thickness of the anti-corrosive
coating. The intermediate coat should impede the diffusion of corrosive species and
ensure good adhesion between the top coat and the primer. The top most layer
(topcoat) of an anti-corrosive coating is exposed to the external hostile environ-
ment, and therefore, it should be resistant to alternating whether, impact from sharp
objects, UV radiation, moisture, salts, bacterial action, temperature and such other
factors. Providing color code, aesthetic appearance, gloss and good surface finish
are some other objectives behind using the topcoat in the anti-corrosive coating.

(a) Epoxy

Epoxy resin exhibits excellent resistance to heat, water and chemicals, and
excellent adhesion to the metal substrate. Epoxy resin has been traditionally used as
a binder in paint applications due to relatively cheap initial materials and stable
carbon–carbon and an ether bond. However, the application of epoxy binder is
limited to maintenance work, primer and intermediate coatings due to yellowing of
epoxy coating when exposed to UV radiation. Although epoxy resin has good
resistance to heat and chemicals, it provides fair protection against corrosion, and
often need a topcoat made from superior polymers such as polyurethane or
polysiloxane.

Epoxy resins are prepared by the condensation reaction between the diphenyl
propane derivative and epichlorohydrin, i.e., bisphenol A and epichlorohydrin. The
solvent bore epoxy resins are more suitable for applications under aggressive
environment. The molecular weight of unreacted epoxy resin molecule plays a
crucial role in the development of a tailor-made coating for the specific application.
Several properties can be tuned to the requirement with the alteration in the
molecular weight of unreacted epoxy resin molecule. As the molecular weight of
unreacted epoxy resin molecule increases, properties such as crosslink density,
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hardness and solvent resistance decreases. Other properties, i.e., flexibility, impact
strength, substrate wetting, and adhesion also increases The functional groups
present in the epoxy resin and the curing agent reacts together to form a
three-dimensional crosslinked structure. The curing agent used for crosslinking the
epoxy resin is aliphatic or cyclic amine. Apart from the molecular weight of
unreacted epoxy resin molecule, the degree of resistance to corrosion will depend
on the type of curing agent used in the paint and coating formulation. Although
Polyamine and amide are slow in reaction but offer enhanced flexibility and less
toxicity compared to another curing agent, i.e., aliphatic or cyclic amine.
Water-borne epoxy is an emulsion made from diglycidyl ether of bisphenol A and
water-soluble amine curing agent which also serve the purpose of emulsifier. While
the film formation process, the curing agent migrates from aqueous phase to the
epoxy particle and form the covalent bond between the epoxy particles to form a
three-dimensional network, though, there is a risk of irregular film formation. The
traditional water-borne epoxy coatings are somewhat less tactful in protecting the
substrate from corrosion than a solvent-borne epoxy coating. However, cationic
electrodeposited coating exhibit improved performance when used as a primer, and
provide excellent adhesion to the substrate. The combination of zinc rich primer and
the intermediate multifunctional epoxy resin cured with suitable curing agent lead
to the formation of high-performance anti-corrosion coating suitable for the
industrial atmospheric environment.

(b) Acrylic

Acrylic polymer and copolymers exhibit a unique set of properties: very good
chemical inertness, resistance to UV radiation, environment stability. Acrylic can
also be modified with epoxy, silane or carbamate to develop an anti-corrosion
coating for a wide range of applications. Acrylic resin is an acrylate ester which can
be formulated as water-borne emulsion latex, thermosetting and thermoplastic resin.
Poly(methyl methacrylate) and Poly(ethyl acrylate) are the most commonly used
binder in high-performance paint application. There are various types of acrylic
monomers used in the manufacturing of acrylic paints, the type of monomers and
their proportions set the properties of final film product.

The solvent-borne acrylic coatings can be dried quickly, exhibit durability and
improved adhesion with the substrate. The curing of acrylic resin involves the use
of isocyanate or amine to form a thermosetting film on the substrate. The ther-
mosetting acrylic resin can be used as lacquers, baking enamels and emulsions.
Lacquers and enamels are widely used in automotive and appliances finishing as a
topcoat. Acrylic resins are brittle and have poor impact strength, but exhibit
excellent weathering resistance, excellent adhesion, good abrasion resistance, and
chemical resistance.

Methacrylate based acrylic binder does not have hydrogen atom in the polymer
backbone chain. Therefore, they are resistant to acid, base, mild oxidizing agent and
hence suitable for corrosive industrial gases and fumes environment. However the
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side group is resistance to hydrolysis, acrylic paints are not suitable for constant
immersion or the strong chemical environment.

Acrylic coatings exhibit excellent properties: light and UV stability, gloss and
color retention, good chemical resistance, excellent weathering resistance, resis-
tance to chemical fumes and occasional chemical splash and spillage and better mar
resistance than those of alkyd anti-corrosive coatings. Acrylic resin is also often
mixed with other resin to achieve some specific properties, since it is compatible
with wide variety of resin, i.e., epoxy, alkyd, etc. Thermoplastic acrylic coatings are
obtained through simple solvent evaporation method. Water-borne acrylic paints,
however, are not used as a topcoat for immersion and substantial acid or alkaline
chemical exposure.

(c) Siloxane

Siloxane is a polymeric material, consist of Si–O bond as the main chain, and
pendent functional group, i.e., –CH3, etc., polysiloxane coating exhibit superior
chemical resistance, durability, gloss and color retention properties. The bond
strength of Si–O bond is 443 kJ/mol, significantly higher than the C–C bond
strength, i.e., 360 kJ/mol, therefore, polysiloxane coating are more stable at ele-
vated temperature exhibit excellent resistance to oxidation. The siloxane polymers
are cured by organo-metallic compounds, involving the reaction with the side group
of the polymer chain. Research is being carried to enhance the performance of
siloxane-based coating by modifying it with epoxy or acrylic polymer to meet the
requirements for wide range of applications.

(d) Alkyd resin

Alkyd resin based paints are widely used for general purpose application
because of its good durability at the low coat. Alkyd resin has been in use as a
binder in the paint industry for more than 80 years, which stopped the use of
nitrocellulose and oleoresions coating in almost all applications. Until the 1960s
and commercialization of acrylic paints, the alkyd resin was used extensively in
automotive industry. Alkyd resin exhibit inferior performance with regard to out-
door durability, color, and gloss retention when compared to the coatings of acrylic
based paint.

Alkyd resin is a reaction product of three components: polybasic acid, polyol,
and fatty acid. The proportion and nature of this three component govern the final
properties of film product. Table 3 demonstrates the classification of the alkyd resin
based on the dosage of fatty acid used in the formulation.

Table 3 Classification of
alkyd resin based on fatty acid
weight percentage

Alkyd resin type Weight percentage

Oil free resin 0

Short oil resin <45

Medium oil resin 45–55

Long oil resin � 60
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Long oil alkyd resin is suitable for exterior thin wall coatings, marine, metal
maintenance paint, and clear lacquers. Long oil alkyd resin is soluble in aliphatic
solvent and often uses a brush for coating over the substrate. On the other hand,
short alkyd resin is soluble in aromatic solvents and used as air drying type for
baking primer and enamals.

Table 4 shows the classification of alkyd resin based on the level of unsaturation
present in the fatty acid.

Table 5 show the comparative study on the properties of final film product of
alkyd paint when the different dosage of fatty acid is used in the formulation.

The alkyd paints as a group can be characterized as good substrate adherent paint
with good drying properties as relatively low cost. Therefore, alkyd paints are still
being used for common application, i.e., metal finish and wood product under less
severe chemical environment. However, the exterior durability of alkyd paints is
only fair; alkyd paints are best suitable for indoor applications considering a cost
factor. The dry type alkyd resin exhibits good weather resistance, good adhesion
and ability to withstand occasional chemical splashing. The alkyd paints ca be used
as a primer and intermediate coating for a wide range of substrates. Further mod-
ification can improve the final properties of the coating with another type of resins,
i.e., acrylic, epoxy, chlorinated rubber.

(e) Polyurethane

Isocyanate and material with hydroxyl group react together to form a urethane
linkage, Fig. 10.

The material with hydroxyl groups can be ester, epoxy, acrylic, drying oil, or
moisture (water). Urethane coating formulated form epoxy or polyester polyol

Table 4 Classification of
alkyd resin based on degree of
unsaturation in the fatty acid

Alkyd resin type Iodine number

Drying resin >140

Semidrying resin 125–140

Nondrying resin <125

Table 5 Effect of fatty acid
dosage on the paint and
coating properties

Properties Comparison(>/<)

Color and gloss
retention

Short oil
alkyd

> Long oil
alkyd

Flexibility <

Adhesion <

Coating hardness >

Pigment dispersion <

Rheological
properties

<

Storage stability <
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exhibit more chemical and moisture resistance than acrylic polyol. The isocyanate
can be aromatic aliphatic, but a mixture of monomer can be used to formulate the
urethane coating for a specific application.

The urethane coating is relatively expensive than alkyd resin based coating but
cheaper than an epoxy coating. Urethane coating can be formulated as oil modified,
moisture curing, blocked, two component, and lacquer.

Other resins are also used to modify certain properties with the intention to meet
requirements for some specific applications. Acrylic urethane resin based coating
exhibit excellent outdoor and weathering properties. Moisture curing of urethane
coating need humidity and temperature, prolong UV exposure cause yellowing of
coating. Two component urethane coating, consist of a catalyst to initiate the curing
the process, exhibit good chemical resistance. However, they are not recommended
for immersion services or exposure to strong acid/base environment. Special care
should be taken while paint formulation due to high reactivity of isocyanate towards
moisture in under humid condition and light, which lead to bubble formation and
pin holes due to the evolution of carbon dioxide gas.

Urethane coatings are extensively used in transportation industry: aircraft,
automobile, railroads, cars, truck, ship, etc. Urethane coating is resistant to bio-
logical and radiological warfare. Therefore, urethane coatings are frequently applied
to military vehicle.

4.4 Working Principle of Anti-corrosive Coatings

Figure 11 shows the three mechanistic roots to protect the substrate from corrosion
by different types of coatings.

N C O + HO N

H

C O

O

Urethane linkage

Fig. 10 Formation of urethane linkage

Fig. 11 Anti-corrosion
mechanism
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4.4.1 Barrier Protection

In barrier protection mechanism, the protection to the substrate is ensured by
restricting or impeding the diffusion of corrosive species through the section of the
applied coat. The binder’s Impermeability to gases, liquid or ion is the essential
requirement of the anti-corrosive coating either applied as primer, intermediate or
topcoat. The lower dosage of pigment volume is taken in the formulation for better
cohesion and low permeability. Depending on the requirement of an application
other materials like Inert fillers, titanium dioxide, lamellar alumina, micaceous iron
oxide, carbon black, graphene or graphene-like sheets, glass flake, etc., are also
incorporated in the paint formulation to increase the tortuosity. Some recent
development in the field of the polymer-carbon composite as anti-corrosive mate-
rials has been discussed in the later section of this chapter. For improved perfor-
mance, it is always recommended to build anti-corrosive coat from multiple thin
layer coat to the required thickness, but labor cost and potential revenue loss
restricts to fewer and thicker coat. The barrier coating is used for all type of
environment. However, the required type of binder used is always application
specific. The type of binder and suitable application area is briefly discussed in the
previous section.

4.4.2 Inhibitive Protection

The inhibitive coating protects the substrate from corrosion through the formation
of the stable inorganic compound on the metal surface. The inhibitive coating is
primarily applied as primers since they are alone effective and it is often exposed to
the atmospheric environment. However, the barrier coating is used in combination
of inhibitive protection for protecting structures working underneath water or soil.
Inhibitive coating layers consist of inorganic inhibitive pigments such as phosphate,
chromate, molybdate, borates, nitrates, and silicates. These inhibitive pigments in
the presence of moisture react with the metal substrate and form a passive layer.
Therefore high dosage of such inhibitive pigment is needed to ensure adequate
leaching from the coating to the metal surface. However, the excess dosage of
inhibitive pigment causes other problem like blisters, mud cracking due to internal
stress, etc. The two opposite attributes, i.e., barrier properties of the coating and
leaching out of sufficient quantity of inhibitor, has to be properly balanced for
improved performance of the anti-corrosive paint.

4.4.3 Sacrificial Protection

In sacrificial protection mechanism, the substrate is protected against the corrosion
at the cost of galvanically more active metal. The mechanism involves the oxidation
of sacrificial metals and protecting the substrate, unlike barrier coatings the sacri-
ficial coating is only applied as a primer. The sacrificial coating consists of active
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metallic power just below the critical pigment volume concentration to ensure direct
current transfer with the substrate. Typically a dry coat of sacrificial paint consists
92–95% of active metallic powder and 5–8% binder by weight. Metallic zinc
powder has been extensively used as a primer for protecting the steel substrate
against corrosion. In sacrificial coating, the active metal acts as an anode and
sacrifice itself to protect the substrate. The performance of zinc-based primer
depends on the galvanic current transfer between zinc and steel substrate, which
means, the substrate is galvanically protected as long as there is sufficient zinc to be
sacrificed. Zinc rich sacrificial coatings are resistant to heat and mild chemicals.
There is organic sacrificial coating as well, which are suitable for marine and
industrial splash zone and offer good protection against corrosion.

5 Additives

The Improvement of anti-corrosive properties of a paint and its performance under
the different environmental condition is the utmost priority of the manufacturers and
scientist. The most common way to improve the performance of paints is to use
some dopant, i.e., pigments, heat stabilizer, antifouling agent, fillers, etc., which
improve paint’s ability to protect the substrate against corrosion. Adding opacity to
the paint is the widely deployed approach to inhibit the corrosion led by Ultraviolet
radiation. The paint is made opaque with the help of pigments, most frequently
called “hiding pigments”. Titanium dioxide, lead oxide, iron oxide, carbon-based
pigment, phthalocyanine blue are some of the hiding pigments. Due to the toxicity
of lead, the use of lead pigment in the paint for residential application is prohibited
in many nations. Therefore, other alternatives to lead pigment have been developed
and deployed in paint application.

Fillers, on the other hand, are used to enhance the durability and hiding power.
Fillers are broadly divided into two categories, i.e., reinforcing and inert filler.
Whereas the reinforcing filler enhances or supports the structural integrity, the inert
fillers are primarily used for the cost-reduction purpose. Clay, carbon black, talc,
barite, lime, etc., are some examples of filler used in paint application. Depending
on the application requirement, suitable fillers are chosen. Factors such as filler
particle size and particle structure (i.e., aspect ratio) have a huge impact on various
properties such as, the viscosity, volume and covering power of a paint over the
substrate. Fillers can serve multiple purposes in paint application. Filler enhances
the anti-corrosive ability, depending on size and structure of the filler particle, the
permeability to the corrosive element can be reduced to a greater extent. The
lamellar structure has overlapping plates and high aspect ratio than that of spherical
filler particle; consequently high aspect ratio filler impede more the path of cor-
rosive elements [5]. Figure 12 shows the mechanism of impediment by filler par-
ticle; corrosive elements can migrate relatively easily through paint coating filled
with low aspect ratio filler i.e., spherical filler particle, and lamellar filler particle
offers more hindrance and subsequently lower the diffusion process [6].
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Fillers can also be employed as a pigment: carbon black, titanium dioxide is also
referred as special pigments; often an outermost layer of water storage tanks is
colored black because carbon black filler provides good protection against ultra-
violet radiation and weatherability. Similarly, titanium dioxide improves the ther-
mal stability of applied paint coating and hence inhibits the metal properties
impairment.

There are some special purpose additives whose function is to add significant
value to the product in paint application: surface tension modifiers, thickeners,
catalyst, UV stabilizer, antifouling agent, adhesion promoter, antioxidant, etc.

6 Role of Carbon in Advance Anti-corrosive Paint

As discussed in the previous section, carbon serves multiple roles in paint appli-
cation, and several major developments has been achieved in the past few years.
Carbon can exist in many forms, i.e., diamond, graphite, graphene, carbon black,
fullerene, carbon fiber, carbon nanotube. This different architecture of carbon has a
huge effect on the performance of the paint.

Graphene, graphene oxide (GO) and reduced graphene oxide (rGo) have
received considerable attention in the development of many commercially viable
and energy efficient products due to their peculiar physio-chemical properties.
A study done on graphene by several research groups reveals that graphene whether
single layer or multiple layers coated onto metal surface significantly reduces the
diffusion of corrosive species, i.e., O2, H2O, hence impede the environmental
oxidation process [7–9]. Graphene is now rapidly being established as a potential
candidate for corrosion inhibitor in paints and coating application. Graphene exhibit
superior inertness than any other material which would degrade faster at the hostile
condition. Graphene does not only provide good oxidation resistance but also has
been used in the manufacturing of airtight rubber bladder, indicating it is very low
impermeable property to air. Graphene can also affect the electrochemical reaction
of metals in electrolytic solutions. A recent study has proven the ability of graphene

Fig. 12 Impediment mechanism by filler with different aspect ratio; a low aspect ratio filler
containing coating and b high ratio filler containing coating
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to prevent metal dissolution in the electrolytic solutions, indicating graphene’s
impact on the anode-cathode reaction of metal underlying the graphene layer. More
work is being done on exploring the possibility of using graphene or carbon layer
for passivating the metals [10].

7 Recent Developments in the Polymer-Carbon Coating
for Anti-corrosion Applications

7.1 Graphene Oxide as a Corrosion Inhibitor
for the Aluminium Current Collector in Lithium Ion
Batteries

R. Prabhakar et al., have shown the use of GO in the coating for protection against
corrosion of a current aluminium collector used in lithium ion batteries [11]. In
power storage devices, Al is established as a material for primary current collector
due to its stable surface oxide layer, i.e., Al2O3. However, at high-voltage Al2O3

layer can undergo pitting corrosion, this may result in many problems such as; cell
impedance loss, more self-discharge, loss of capacity, and mechanical integrity.
Since GO has the unique characteristics, i.e., very high surface area, the presence of
active functional groups (carboxylic, ketone), high conductivity GO is suitable for
the development of efficient lithium ion batteries. Figure 13, shows the idealized
mechanism of GO preventing the corrosion of Al metal from PF�6 ion.

7.2 Graphene Oxide Based Nanopaint

Functional coating is yet another area where GO is proving its ability and com-
petence as a material for cost effective solutions. Functional coatings are
high-performance coating and serve multiple functions, i.e., anti-corrosion,
antibacterial and antifouling properties [12–14]. K. Krishnamoorthy et al. have
reported preparation and study on the practical application of GO based nanopaint
using ball-milling process [15]. Typical formulation GO-based nanopaint is listed in
Table 6.

All ingredients except solvent is taken in tungsten carbide bowl. The
ball-to-powder weight ratio is set as 10:1 and 300 rpm to ensure effective milling.
After 5 h of milling the required solvent is added and milling is continued for
another 30 min. The finished product is stored in an airtight container. The values
of several properties of GO nanopaint is summarized in Table 7, [16–19].

Depending on the solid content a paint can be divided into two categories, i.e.,
low and high solid content. The prepared nanopaint has 64.2% solid content which
is on the higher side. The high solid paints are more advantageous than low solid
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paint due to the merits including: low emission of volatile organic compounds, and
high paint layer thickness which are important factors for reducing the application
cost and labor times [20]. The GO nanopaint has high-gloss level and good surface
finish, i.e., 75 GU at 60 °C, which is classified as high-gloss surface as per ASTM
standard [16]. GO nanopaint also showed good corrosion resistance in acidic
condition proving the prospective utility of GO in anti-corrosion application. GO
based nanopaint has very fewer hazards and environmental impact. GO has sig-
nificant potential for the development of next generation protective coatings.

7.3 Polyaniline Graphene Composite: Advance
Anti-corrosion Coating for Metals

Inherently conducting polymers (ICP) are special class of polymeric materials
having high electronic conductivity due to the conjugated electronic pattern.

Fig. 13 The scheme showing the root to prevent corrosion, the deposited GO layer repels PF�6 ion
flux which leads to improved cyclability over bare Al (reproduced after permission granted from
Ref. [11])
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Polyacetylene, polydiacetylene, polyaniline, polythiophene, poly(p-phenylene),
poly(p-phenylene sulfide), etc., are some of the examples of ICP. ICP show
metal-like properties, i.e., electrical, electronic, magnetic, and optical properties and
yet ICP can be processed like conventional polymers. ICP has received huge
interest due to its several attractive properties, i.e., high electronic conductivity,
light weight, adequate mechanical flexibility and low cost. Polyaniline is one of the
widely studied polymeric material belonging to the class of ICP. It is a commer-
cially successful polymeric material, and find its utility in many applications.
Polyaniline and its derivatives are widely used in research and development
activities for high-performance materials.

Table 6 GO-based nanopaint formulation (reproduced after permission granted from Ref. [15])

Additive Material Purpose Weight
percentage (%)

Pigment GO Providing the color of the paint 16.0

Binder Linseed alkyd
resin

Film-forming component of paint 64.0

Stabilizer Nanosized
ZnO

Reducing the color fading effect 0.6

Anti-setting
agent

Aluminum
stearate

Preventing pigment and binder settling 0.5

Thickener Thickener A Improving the viscosity and preventing
coagulation

0.1

Wetting
agent

Soya lecithin Wetting the pigment in the binder for
uniform dispersion

0.6

Inner coat
drier

Nanosized
zirconia

Chemical crosslinking agent of
unsaturated fatty acids

0.6

Outer coat
drier

Cobalt
napthenate

Active catalyst for the lipid
autoxidation process

0.6

Solvent Mineral
turpentine oil

Dispersing agent 17.0

Table 7 Properties of GO
nanopaint

Properties Values

Solid contenta (%) 64.2

Surface dry time (h) 1

gloss levelb (GU at 60 °C) 75

Corrosion inhibition efficiencyc (%) 88.7
aSolid content = [Wdry/Winitial] * 100; where Winitial is the initial
weight of the paint and Wdry is the weight of paint after dry
b1 g of paint coated on drawdown card and gloss level measured
using Rajdhani digital gloss meter (RSPT-200 model, India)
cWeight loss measured and compared between coated and
uncoated galvanized iron (GI) substrate submersed in 0.1 N
HCL solution for 24 h. corrosion inhibition efficiency =
[(Wuncoated−Wcoated)/Wuncoated] * 100
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Polyaniline has some special attributes, such as relatively low cost, easily syn-
thesized, good environmental stability, distinct color, and oxidation state.
Polyaniline also exhibits the electromagnetic interference (EMI) shielding effect
and shows pH-dependent response, which makes is suitable for use in many areas,
such as, actuators, supercapacitor, chemical vapor sensor, biosensor, electrically
conducting yarns, etc. [21, 22].

Polyaniline has also been studied as a prospective material for the
high-performance coating for protection against corrosion. Polyaniline offers
superior protection against corrosion compared to other polymers due to high
corrosion potential and the catalytic ability for metal passivation [23]. The approach
to further improve the performance of an anti-corrosive paint is to use a nanos-
tructured filler with high aspect ratio, i.e., *200 [24]. As discussed in the previous
section, the mechanism of enhanced impediment of corrosive species through the
lamellar nanostructured filler coating, high aspect filler increases the pathway for
diffusion of reactive elements and improves the performance of paint against the
corrosion significantly. A similar concept is applied to develop polymer/graphene
composites for numerous applications. Graphene is having a higher aspect ratio,
i.e.,*500, offers superior specific properties and enhanced performance at low cost
than other nano-fillers [25].

The effect of functionalization of graphene on the barrier properties of
anti-corrosion coatings is also being investigated. C. H. Chang et al. have studied
the graphene functionalization and its effect on corrosion protection. The process of
exfoliation of graphite to yield a graphene or graphene-like sheets is well studied
and established. Figure 14, shows one of the methods and schematic reaction
mechanism of electrophilic substitution on graphite, resulting in the formation of
functionalized graphene sheet.

NH2

OH

NH2

O

NH2

O

NH2

O

+

Graphene

4-aminobenzoic acid 4-aminobenzoic acid functionalized graphene

polyphosphoric acid (PPA)/
phosphorous pentoxide

(P2O5)

Fig. 14 Functionalization of graphene or graphite
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Aminobenzoic acid and graphite are mixed vigorously in PPA/P2O5 medium
under an inert atmosphere at elevated temperature. After 3 days the precipitate is
filtered, washed thoroughly and freeze dried to yield aminobenzoic acid function-
alized graphene [26].

Figure 15 shows the schematics of in situ dispersion of aminobenzoic acid
functionalized graphene in polyaniline matrix of polyaniline/graphene composite.

4-aminobenzoic acid functionalized graphene

NH2
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NH4S2O8/ HCL
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NH N N NH **
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POlyaniline
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O
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Fig. 15 In situ synthesis of polyaniline/graphene composite
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Aniline, functionalized graphene and ammonium persulfate is taken in a reaction
vessel and stirred in HCL solution for six hours at *4 °C temperature. The residue
product is retreated with base to neutralize the pH of the polyaniline/graphene
composite. The composite is finally dissolved in NMP solvent to yield the
anti-corrosion coating [18]. The polyaniline/graphene composite is coated over
steel substrate, and the solvent is dried. The performance of graphene based
anti-corrosive coating is compared with the clay-based paint. Table 8 comprises the
data on permeability of oxygen and vapor permeability rate of polyaniline/graphene
and polyaniline/clay paint.

The permeability of oxygen and other corrosive species decreases significantly
with increase in the dosage of graphene. Graphene or graphene-like sheets are more
cost effective and superior in term of corrosion barrier performance than other type
of fillers, i.e., clay.

7.4 Graphene Barrier Properties to Dissolution of Nickel
and Copper Metal

The chemical vapor deposit method for growing graphene is rapidly becoming very
popular because it leads to the deposition of mostly a single graphene layer over the
substrate [27]. N.T. Kirkland et al. grew predominantly single-layer graphene film
on *1 mm thick Nickel (99.9% Ni) and Copper (99.9% Cu) metal sheet.
Following the surface-catalyzed process, the graphene film gets deposited by
exposing the metal sheets in the hot furnace filled with hydrogen and methane gas
for a fixed period [9].

Figure 16 and 17 show the optical microscopic image, Raman mapping at
*2700 cm−1 peak and Raman spectra of graphene deposited Ni and Cu sheets
respectively. Typically the single-layer graphene structure shows a sharp G
(1580 cm−1), 2D (*2650–2700 cm−1) peaks and a small G/2D ratio, whereas, the
multi-layer graphene structure display higher G/2D ratio (� 1) and broad 2D peak.
The Raman and Scans study shows that approximately 80 and 60% area of the
surface is consistent with single or few layer graphene for Cu and Ni metal sheets
respectively.

Table 8 Oxygen permeability and vapor permeability rate

Sample Permeability O2 (barrer) Vapor permeability
rate (g/h-m2)

Polyaniline 0.74 173

Polyaniline/Graphene—0.1 wt% 0.33 70

Polyaniline/Graphene—0.25 wt% 0.22 47

Polyaniline/Graphene—0.5 wt% 0.1 20

Polyaniline/clay—0.5 wt% 0.3 64
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Figure 18 shows the electrochemical reaction scan of graphene coated Ni and Cu
metal sheet with their predecessor metals, i.e., bare Ni and bare Cu metal sheets.

Ni coated with graphene layer exhibits decrease in both anode and cathode
reaction rate, and also there is an increase in the corrosion potential by*0.3 V than
that of bare Ni metal sheet. In contrast to Ni, the Cu metal covered with graphene
shows a decrease in the corrosion potential by *0.15 V than that of bare Cu metal.

Fig. 16 Optical microscopic image, Raman mapping at *2700 cm peak and Raman Spectra of
Graphene deposited Nickel metal sheet (reproduced after permission granted from Ref. [9])

Fig. 17 Optical microscopic image, Raman mapping at *2700 cm peak and Raman spectra of
graphene deposited copper sheet (reproduced after permission granted from Ref. [9])
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It means the graphene acts as an inhibitor of anodic reaction to Ni and as a cathodic
barrier for the Cu metal.

8 Conclusion

In conclusion, Graphene is indeed a potential material for corrosion protection,
however, the reason for this strange behavior of graphene specific to metal type is
still not clear. Probably, deeper insight into the effect of graphene orientation, layer
thickness, surface defects, etc., could help in finding more effective and economical
solution to protect corrosion.
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