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Abstract PVC is the most widely employed resin because of its cost-effectiveness, 
mechanical durability, resistance to flame and chemicals, and excellent insulating 
properties. However, the development of sensitive applications is limited by PVC’s 
imperfect heat and UV stability. In order to improve the material’s ultimate qual-
ities, researchers have recently developed innovative and sustainable PVC-based 
composites and nanocomposites. In this chapter, authors shed light on carbon-based 
nanofillers especially carbon fibers (CFs) and carbon black (CB) to improve the PVC 
characteristics. Besides altering physico-mechanical behavior and stability against 
thermal and UV exposure, PVC finds its way for new applications like electronic 
devices, electroactive materials, strain sensors for wearable flexible electronics, etc. 
This chapter introduces a cutting-edge research platform for next-generation of PVC 
materials for sustainable environment. 

1 Introduction 

Nanocomposites have gained much attention as a result of the advancement of 
nanomaterials and their wide applications [1]. Many researchers have focused 
on the usage of polymer-based nanocomposites because of their broad range of 
applications, simplicity, and low-cost production methods [2]. Polymer science is 
primarily concerned with the creation and production of novel resins for various 
fields of applications. Industrially produced resins involve polyvinyl chloride 
(PVC), polypropylene, and polyethylene [3]. Polymeric nanostructured composites 
offer high elasticity, tensile modulus, mechanical, and thermal properties [4]. The 
effect of adding nanofillers to various polymers can enhance the nanocomposite’s 
physico-mechanical features.
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PVC is the most widely employed resin because of its cost-effectiveness, mechan-
ical durability, and resistance to chemicals and flames [5]. It is a versatile thermo-
plastic resin with low production costs and excellent insulating properties. However, 
development of conjugated polyene sequences and allylic chloride internal struc-
tures is caused by PVC’s limited heat stability. Generally, PVC is available in two 
unique thermoplastic forms: rigid PVC and flexible PVC resins. The rigid type of 
PVC accounts for about two-thirds of all PVC used. PVC is made by using bulk, 
suspension, or emulsion polymerization processes to create free radical polymeriza-
tion of vinyl chloride monomers. Metal vapour deposition, surface grafting, and arc-
discharge procedures have all been utilized to modify polymers [6]. PVC polymers 
have many applications including wires, cables, coated fabrics, flooring, coatings, 
frames of windows and doors, bottles, pipes, medical tubing, hoses, and automotive 
materials (Fig. 1). 

Chemical stabilizers in the PVC matrix help protect the matrix from potential 
degradation. Nanofiller loading improves both thermal and mechanical stability 
[7]. In order to improve the material’s ultimate qualities, researchers have recently 
concentrated on innovative ways of fabricating PVC-based composites [8]. To meet

Fig. 1 Applications of the thermoplastic PVC resins for industrial fields 



Carbon Fiber and Carbon Black Reinforced PVC Composites … 131

the demand for improvement, there is a pressing need to develop new nanocompos-
ites with enhanced properties [9, 10]. To improve the characteristics of the polymer 
matrix, carbon-based compounds especially carbon fibers (CFs), and carbon black 
(CB) nanofillers have been employed. Conductive polymer composites are made by 
dispersing conductive nanofillers (including CFs and CB) into the PVC resin which 
is non-conductive [11]. 

CFs and CB nanomaterials, according to the literature, are appropriate fillers 
for the construction of PVC nanocomposite compared to other carbon-based fillers 
because of their homogenous distribution in PVC resin. Agglomerations can occur 
for PVC composites filled with un-exfoliated graphene-materials. PVC filled with 
CFs or CB exhibited higher thermal, electrical, and mechanical features than PVC/ 
graphene nanocomposites. 

In this chapter, PVC resins enriched with CFs and carbon black nanocomposite are 
the main topics. Section 1 introduces an introduction of PVC polymer, while Sect. 2 
covers its history and sustainability. Section 3 covers the polymerization, structure, 
and additives of PVC resins that are relevant to composites and applications. PVC 
may be blended with a wide range of additives, making it a highly adaptable polymer 
that can be used in a variety of applications. Section 4 contains a detailed investi-
gation of PVC-based CFs and carbon black nanofillers. Section 5 introduces PVC 
reinforced with CFs and carbon black nanocomposites. This section will consider 
the advantages and limitations of the developed nanocomposites. Detailed effects of 
nanofillers on the physico-mechanical properties have been considered in Sect. 6. A  
panorama of the detailed information mentioned in the whole chapter is illustrated 
in the conclusions Sect. 7. Challenges and future perspectives on PVC-based carbon 
black and CFs nanocomposites are discussed in the last part of this chapter (Sect. 8). 
A comprehensive reference list is provided. 

2 PVC History and Sustainability 

2.1 PVC History 

Four Dutch scientists created an original compound called dichlorethane in 1795 
[12]. Several works studied the nature of this compound and its amount of ethane 
and chlorine. Regnault was the first to introduce vinyl chloride in 1835. Regnault’s 
fascination with these compounds was entirely academic, and he conducted subse-
quent studies with bromine and iodine analogues [13]. In 1838, PVC was introduced 
as a polymer. PVC is a white powder made by polymerizing a large number of vinyl 
halide units in the presence of sunlight. Later research revealed that the Regnault 
polymer was actually made up of poly (vinylidene chloride) [12]. Bauman, who 
performed polymerizations of several vinyl compounds in enclosed tubes, did not 
create PVC until 1872. In 1912, Klatte reported a new manufacturing technique 
to prepare PVC [12] by processing PVC over a substrate for lacquers and fibers. 
When heat and light were applied to PVC, it became brittle and deteriorated. Process
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technology advanced throughout World War I, and less intractable PVC copolymers 
were produced. In Germany, emulsion polymerization was used to produce PVC 
on a commercial basis. While in 1933, Semon reported that by heating PVC with 
tritolylphosphate to 150 °C, rubber-like masses could be formed that remained homo-
geneous at RT [14]. The product was flexible plasticized PVC resin. A suspension 
polymerization of vinyl chloride was developed in 1934. PVC was first produced 
in 1936 by Union Carbide and F. Goodrich. The capacity of PVC production in 
1945 was 35,000 tons. In 1947, Zn, Cd, Ca, and Ba were synergistically combined 
in the PVC resin. Unplasticized PVC, a rigid polymer that only became popular in 
the United Kingdom in the 1960s, was also developed on the continent of Europe, 
particularly in Germany. In 1962, vinyl chloride was subjected to bulk polymeriza-
tion via a two-step reactor. PVC was being produced in a large number of nations 
by the early 1970s, and it was competing with polyethylene for the title of world’s 
most consumed plastics material. To polymerize vinyl chloride, scientists developed 
a one-stage reactor in 1975. In 1979, the United States alone produced about 6 billion 
tons. PVC is now the most widely produced product on the planet, and its demand is 
growing by the day [15]. Its polymers are among the most commercially significant 
polymers, alongside polyethylene and styrene resins. The history of the development 
of PVC polymers is shown in Table 1.

PVC is a desirable material because of its mechanical, corrosion-resistance, 
and anti-chemical characteristics. Suspension is a common consignment produc-
tion method that uses a monomer of vinyl chloride [16]. PVC is made up of chlorine 
(58%) and hydrocarbon (42%). Numerous approaches have recently been explored 
to achieve a well-distribution of nanofillers in the polymeric matrix, including melt 
blending, solution-casting, and in-situ polymerization. Xie et al. [17] developed a 
nanocomposite of PVC-polymethylmethacrylate copolymer enriched with Sb2O3 

nanofillers via in-situ polymerization. Nano-Sb2O3 particles totally diffused in PVC, 
according to the results. Turhan et al. [18] used the solution-blending approach to 
create PVC nanocomposites from natural and modified kaolinite. 

2.2 PVC Sustainability 

PVC has become an important eco-friendly elastic resin standpoint since the 1970s, 
due to several concerns expressed about its use. In the 1990s, pressure groups such 
as Greenpeace were at their most active, focusing on chlorine chemistry in partic-
ular. In 1996, a working group of PVC retailers was established to be responsible 
for protesting against merchants in the UK selling PVC items [19]. On the balance 
of probabilities, such group has authorized the National Centre for Business and 
Ecology (at Manchester University) for assessing the PVC impact on the environ-
ment and human health. This center concluded that there was no compelling scientific 
reason for shops to stop selling PVC products as long as their industry, application, 
and recycling met the highest standards. As a result, the retailer’s group was renamed 
the PVC Coordination Group in 1998. This group also concentrated on solving the
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Table 1 The historical development of PVC materials [12] 

Timeline Description 

1835 Vinyl chloride was discovered by Liebig and Regnault 

1872 Baumann observed the light-induced polymerization of VC 

1912 Vinyl chloride was prepared by Zacharias and Klatte via adding HCI to acetylene 

1913 Using organic peroxides, vinyl chloride was polymerized by Klatte to produce PVC 
for fibers and film applications 

1915 During World War I, process technology was improved and less intractable PVC 
co-polymers were developed 

1926 PVC patents were allowed to lapse by Griesheim-Elektron and surfaced the way for 
other companies’ innovations 

1928 Copolymerization of vinyl chloride and vinyl acetate was performed by Union 
Carbide and Du Pont 

1930 Emulsion copolymerization was carried out by K-value (Fikentscher) for Vinyl 
chloride, acrylic ester, and vinyl ethers in the presence of alkali salt as a stabilizer 

1932 PVC was successfully chlorinated by IG-Bitterfeld 

1933 Phosphates and phthalates were used as plasticizers by Semon 

1935 Suspension polymerisation of VC (Wacker) (capacity, 1945: 35,000 tons). PVC 
pilot plant in Bitterfeld (600 tons/year) 

1936 Manufacturing of PVC by Union Carbide and F. Goodrich 

1945 The capacity of PVC production was 35,000 tons 

1947 Zn, Cd, Ca, and Ba were mixed synergistically in PVC resin 

1962 Bulk polymerization of VC (two-stage reactor) 

1975 A one-stage reactor was introduced by St. Gobain and Pechiney, Rhone-Poulenc 

1979 PVC production in USA was more than 6 billion tons 

Recently PVC is the world’s chief product and ranks with polyethylene and styrene resins

PVC challenges. The Department for Environment, Food and Rural Affairs (DEFRA) 
conducted many life cycle assessments in the UK and EU in 2001 and 2004, respec-
tively. The results showed that PVC is eco-friendlier accepted material than other 
plastics. Anti-PVC activities were carried out by other EU member states, mainly 
Denmark and Sweden, in addition to pressure from the UK. As a result, four European 
PVC groups collaborated on Vinyl 2010, a voluntary pledge to improve PVC’s envi-
ronmental footprint. In 2000, Vinyl 2010 agreed on a ten-year strategy for enhancing 
the manufacturing procedures and yields for reducing the emissions and increasing 
end-of-life product collection and recycling. In 2010, the vinyl 2010 could recycle 
842 tons of unregulated wastes and establish a novel recycling method in Europe 
[20]. In 2015, Cadmium stabilizers were phased out in the EU-27, and lead stabi-
lizers were substituted in 75.9% of cases, putting the EU-27 on track to complete the 
transition. After the Vinyl 2010 study was released, the EU industry established Vinyl 
Plus (A new sustainable program) to achieve more sustainability improvement [19]. 
This program included many challenges of sustainability: (1) Safe transportation of
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organic chlorine materials, (2) Recycling issues, (3) Use of raw materials, energy, and 
additives in a sustainable method, and (4) sustainability awareness. These challenges 
can provide advanced and sustainable PVC materials. 

3 PVC Structure and Additives 

Plastics are used in a wide variety of critical applications, ranging from packaging 
to power cable insulation. Plastics have become ubiquitous in the environment over 
the last seven decades as a result of their ever-increasing global production, and they 
have emerged as a key geological indicator of the Anthropocene [21]. PVC is a white 
solid soluble in tetrahydrofuran and its structure as the following. 

C 

H 

C 

H 

H 

Cl 
n 

Due to its high cost-efficiency, PVC is one of the most widely produced synthetic 
plastics. UV irradiation is a known degradant of PVC photolysis. This is accom-
plished by initiating a photocatalytic reaction which results in PVC dehydrochlori-
nation and chain scission. As with other types of plastic, research on PVC photo-
degradation was conducted. Historically, this effort has been motivated by a desire 
to improve the stability of PVC products. Thermal decomposition of PVC has also 
been a problem. Due to the interest in the application of PVC products in the envi-
ronment, research has taken a new direction with an abnormally high temperature, as 
well as PVC waste recycling. PVC is a carbon–carbon based polymer backbone. As 
a result, it is not hydrolyzed. However, PVC can be biodegraded by certain microbial 
strains [22]. PVC polymer is widely employed in a variety of industries, including 
aerospace engineering, biomedical engineering, and more. Extruders are prominent 
equipment in food, plastics, metals, and extrusion of these industries are especially 
frequent in the manufacturing of products that implement the use of polymers as a 
primary ingredient. 

3.1 PVC Polymerization and Structure 

PVC and polyvinylpyrrolidone polymers and tetrahydrofuran and N-methyl-2-
pyrrolidone solvents were used to successfully manufacture novel composite
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membranes by phase inversion technology. Scanning electron microscope and 
Fourier transforms infrared spectroscopy were used to examine structure of produced 
membranes [23]. 

3.2 PVC Fusion and Processing 

When it comes to the qualities of PVC plastisols and the migration of plasticizer 
from flexible plastic, we found that a cyclodextrin known as Bz-b-CD had an effect 
on both. PVC resin was mechanically mixed with two types of plasticizers, DINP 
and Neocizer, together with Bz-b-CD as a migration inhibitor, to produce plastisols. 
As expected, the presence of Bz-b-CD in flexible PVC would make it easier to build 
stable complexes with DINP or Neocizer. The process ability requirements for PVC 
plastisol processing emphasize the viscoelastic behavior, such gelation and fusion, 
of the plastisol [24]. 

3.3 PVC Degradation 

PVC biodegradation by marine bacteria is a long-term solution that yields several 
byproducts, but their toxicity must be assessed. Bioactive PVC breakdown products 
generated by three marine bacterial isolates in the culture supernatant were investi-
gated for their toxicity on Vigna radiata germination and the development of Ulva 
lactuca [25]. 

3.4 PVC Formulations and Additives 

In situ polymerization of vinyl chloride in the presence of CaCO3 nanoparticles was 
used to construct poly(vinyl chloride)/calcium carbonate nanocomposites. Dynamic 
mechanical analysis and thermal gravimetric analysis were used to evaluate their 
thermal, rheological, and mechanical properties, as well as tensile and impact fracture 
tests for their thermal and rheological stabilities and mechanical properties [26]. 
PVC additives are huge kilograms up to 2 billion kg equal 4.4 billion pounds Heat 
stabilizers with 32% of global PVC additives demand. Table 2 shows PVC additives 
by type. The market size of PVC additives is more than 24,000 million in 2021.

3.4.1 Lubricants 

It is becoming more common for European PVC producers to employ calcium/zinc-
based (Ca/Zn) stabilizers instead of lead stabilizers as an extrusion lubricant [27].
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Table 2 The percentages of PVC additives by type 

PVC additives Percentage 
(%) 

Advantages 

Heat stabilizers 32 Improve of heat properties of PVC by neutralize vinyl 
chloride 

Impact modifiers/ 
processing aids 

31 Improved melt homogeneity, increased strength, as well 
as a better ability of the melt to be extensible and elastic 

Lubricants 15 Friction is reduced, thus preventing a rise in temperature 
and decomposition of the PVC polymer, which would 
otherwise occur 

Flame retardants 12 Utilizing these substances in polymers has the potential 
to significantly alter the mixture’s thermal, mechanical, 
and electrical properties 

Chemical blowing 
agents 

5 An inert gas, low-boiling liquid, or solid body can be 
used to blowing agent (BA) into plastic input, which can 
then be extruded into gas under specific extrusion 
conditions, to create a desired structure 

Antioxidants 1 The colour and overall quality of the polymer left over 
from production should be improved upon 

Organic peroxides 1 To optimize the polymerization rate

3.4.2 Plasticizers 

An external plasticizer for food packaging films made of polyethylene terephthalate 
is acetylated monoglyceride (AMG), a carboxylic ester and an ester with unique 
interactions with PVC. AMG is an approved food additive. As the alkyl chain length 
is mainly derived from vegetable oils, monoglyceride moieties may vary, but AMG 
enhances the flexibility and elasticity of PVC polymers [28]. 

3.4.3 Heat Stabilizers 

Crompton Vinyl Additives GmbH of Lampertheim in Germany has developed a 
range of organic-based heat stabilizers as alternatives for use in the fabrication of 
rigid PVC pipes and fittings in light of new environmental regulations that will limit 
the future use of traditional lead-based heat stabilizers [29]. 

3.4.4 Flame Retardants 

The first description of a plasticizer with phosphaphenanthrene groups is based on 
soybean oil (PSPE). This flame retardant PVC additive has been developed and is 
currently being used in the production process. FT-IR, 1H NMR, and 31P NMR  
spectroscopy were used to determine the molecular structure of PSPE. Based on
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mass loss, limiting oxygen index values, morphologies of residues, smoke production 
rate, smoke extinction area, mass loss rate, and heat release rate, thermal degradation 
processes and modes of flame retardant action have been proposed for PVC blends 
plasticized with different amounts of DOP and PSPE [30]. 

3.4.5 Biocides and Fungicides 

Only plastisol formulations, which are not susceptible to the heat and shear histories 
of calendared and extruded formulations, have been able to use zinc-containing 
biocides. Patented technology has been created that addresses many of the stability 
difficulties that arise when zinc-containing biocides are added to PVC [31]. 

3.4.6 Fillers 

Artificial neural network (ANN) models are built to forecast the load–displacement 
curves for better understanding the behavior of cotton fiber/PVC composites. Tests 
were conducted in the laboratory using a variety of fiber percentages and a specific 
load. On the TensorFlow backend, using the Keras library in Python, ANN models 
were trained and tested by implementing the back-propagation approach [32]. 

4 PVC-Based Nanofillers 

Polymer/nanofiller composites have recently gained popularity in various industries 
because of their cost-savings, facile processing and modeling, reduced weight, and 
anticorrosion performance [33]. Typically, nanofillers can be mixed with polymers 
to improve their chemical and/or physical properties. Nanoparticles, nanolayers, 
nanowires, nanorods, and nanotubes are the three types of nanomaterials classified 
by their type, size, and morphology. The addition of CFs and CB fillers to the PVC 
resin could enhance the elasticity, impact strength, and mechanical durability. 

4.1 CFs 

In 1860, CFs were prepared for the first time by Sir Swan [34] through light bulbs 
early incandescent. In 1879, Thomas Edison used cellulose (cotton and bamboo) 
to create CFs for the first electric light bulbs [35]. The 1950s saw a resurgence of 
interest in CFs, beginning in the United States, where Union Carbide established the 
Parma R&D Center near Cleveland. CF market demand was anticipated to reach $1.7 
billion in 2012, with an annual increase of 10–12% expected from 2012 to 2018. The 
carbon fiber industry is expected to increase at an annual rate of more than 8%, from
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$7 billion in 2020 to $8.9 billion in 2031 [36]. The overall name plate capacity in 
2022 is around 160 ktons/year and the main producers are listed in Table 3 [36]. 

CFs and glass fibers are conventional inorganic fillers used for enhancing the 
resin’s mechanical durability. The CFs have different building blocks, including 
yarns, uni-directional, and weaves which are employed to fabricate nanocomposites. 
CFs’ properties are close to that of steel, while the weight is close to plastic material. 
Moreover the CFs’ strength-to-weight ratio and stiffness are much higher than either 
steel or plastic. Nanofibers have greater reinforcing powers than microfibers as the 
fibers’ filling capacity increases as their diameter decreases [37]. Furthermore, due 
to the smaller size of the filler, nanofillers produce a better surface finish than micro-
fillers [38]. As a result, nanofiber/polymer composites are becoming more popular 
as a replacement for traditional microfiber/polymer composites and attracted much 
attention [39]. CF-reinforced polymers (CFRPs) are a type of advanced composite 
in which CFs are a dispersed phase and a continuous phase of the polymer matrix. 
This structure gives them exceptional features such as lightweight, high strength, 
high stiffness, thermal stability, and anticorrosion features (Fig. 2) [40]. The CFs 
have high strength-to-weight ratio.

In terms of the amount of CFRP used globally, the compound annual growth 
rate is expected to be around 12.5% until 2018 [41]. Because of its low density, 
lightweight, increased corrosion resistance, and greater stiffness, it is considered to 
be able to replace traditional metals [42]. Shrinkage and warping are also reduced 
when CF reinforcement is added. Each CF is composed of thousands of carbon 
filaments and is a long thin thread [43]. Carbon microscopic crystals link together in 
a configuration that runs parallel to the fiber’s long axis. Chemical and mechanical 
methods are used to create CFs including: Spinning, stabilizing, carbonization, 
surface treatment, and sizing.

Table 3 The capacity and producers of CFs 

Country Manufacturer 2022 (kilotons) 

Japan Toray (incl. Zoltek) 55 

Teijin company 14 

USA Hexcel 16 

Mitsubishi chemical carbon fiber and composites 16 

Solvay (Cytec) 4.4 

Germany SGL carbon 13 

Taiwan Formosa plastics 9 

USA/Turkey Dow/Aksa 3 

South Korea Hyosung 2 

China Various companies 21.8 

Rest of world Various 5 

Total Approx. 160 



Carbon Fiber and Carbon Black Reinforced PVC Composites … 139

Fig. 2 Advantages of CF-based nanocomposite for industrial applications

Because CFRP’s modulus of elasticity is three times that of steel [44]. CFRP 
was first used in the aerospace industry [45]. This was mostly due to the fact that it 
possessed certain characteristics (strong and lightweight). The demand for CFs has 
increased dramatically over the last decade, with a compound annual growth rate of 
13%, and reached 140,000 tons in 2020 [46]. There is a growing interest in a cost-
effective recycling PVC technology that produces recycled valuable materials [47]. 
CFs can provide cost-saving and ecofriendly properties for thermoplastic polymer 
matrixes. 

4.2 Carbon Black 

CB is made up of meticulously designed elemental carbon. It typically contains >97% 
pure carbon that distinct it from impure soot by-product produced during incomplete 
combustion of carbonaceous materials or biomass (contains < 60% carbon, polyaro-
matic hydrocarbons and oil residues) [48]. The particles of CB are quasi-spherical
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with amorphous core and almost concentrically oriented graphene like shell [49]. 
These primary particles grow to form aggregates that define the structure of CB 
[50]. As the size of primary particle increases (>100 nm) the tendency of aggrega-
tion decreases and low structure CB is formed whereas high structure CB is formed 
by coalescence of fine primary particles agglomerated in a branched shape. Such 
aggregates form loosely bounded agglomerates through van der Waals forces. 

CB is industrially prepared as a commodity chemical by thermal decomposition 
of different hydrocarbon feedstock—either gas or liquid- under controlled condi-
tions. Different processes are used for manufacturing CB namely furnace, channel, 
gas, lamp, acetylene and thermal blacks. Pyrolysis of waste tires into CB is recom-
mended for environmental issues [51]. Additionally, demineralization process using 
HNO3 suggests a promising method for reclaiming CB with acidic surface groups that 
facilitate distribution in rubber matrix for better reinforcement [52]. Particle size of 
CB is an important property upon which CBs are classified into series (namely, 100, 
200, 300, …900). 100- series blacks with highest specific surface area are suitable 
for reinforcing whereas 900- series with smallest surface area have little reinforce-
ment ability. In addition, a common nomenclature is widely used to designate CBs 
according to application field and production technique besides ASTM classification 
[53]. ASTM categorizes rubber grade CBs using four characters. The first character 
dictates curing rate of rubber (N and S for normal and slow, respectively) is followed 
by 3-digit number; the first one assigns surface area and the followings are arbitrary. 
Table 4 shows different classification types with the average particle size. 

CB can induce several useful properties when compounded with polymer 
matrices. According to the required application, CB is used to impart reinforcement, 
UV stabilization, electrical conductance/resistance, opacity, etc. Referring to basic 
contact theory, the predominance of graphitic structures on CB surface rather 
than turbostratic structure induces more electrical conductivity [50, 54]. This can 
be explained by widely spaced planes and high surface porosity induced by the 
turbostratic structure rather than the graphitic structure [55]. Pantea et al. [54]

Table 4 Abbreviation and average particle size of different CB classes 

Series Common name ASTM 1765 class Particle size (nm) 

100 Super abrasion furnace (SAF) N110 20–25 

200 Intermediate super abrasion 
furnace (ISAF) 

N242, N220, N231, N219 24–33 

300 High abrasion furnace (HAF) N330 28–36 

400 Fine furnace (FF) N472 31–39 

500 Fast extrusion furnace (FEF) N550 39–55 

600 High modulus furnace (HMF) N660 49–73 

700 Semi-reinforcing furnace 
(SRF) 

N770, N772, N774 70–96 

800 Fine thermal (FT) N880 180–200 

900 Medium thermal (MT) N990 250–350 
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studied the effect of surface chemistry and topology of CB on electrical conductivity 
using spectroscopic techniques and nitrogen adsorption at low pressure. Results 
show an intimate relation between graphitic character of CB including dimension 
of graphitic layers and homogeneity of surface electronic environment and surface 
topology as well. 

5 PVC Reinforced with CF and Carbon Black 
Nanocomposites 

5.1 PVC Reinforced with CFs 

Because of the PVC low cost and excellent mechanical properties, it is widely used 
in a variety of applications. Great interest was directed toward filling PVC with 
natural fiber materials including wood, coconut, and sisal fibers, rice straw, and 
bagasse fiber. Composite materials have recently become increasingly important in a 
variety of industries, including aerospace (plane and space systems), vehicles, pres-
sure vessels, and lightweight cylinders [56]. CFs have exceptional chemical features 
and mechanical durability which can broaden their applications [57]. PAN-based 
conversion process quickly became the most popular way to make CFs. PAN is used 
to make 90% of CFs today. The remaining 10% is made out of petroleum pitch and 
rayon. PAN-based fiber materials are incredibly strong and lightweight. To manu-
facture CF reinforced plastic, CFs are filled in the PVC resin including nylon, vinyl 
ester, and polyester. The behavior of CFs and chemical and physico-mechanical 
characteristics are based on the employed precursors for making CF nanocomposite. 
PAN-based CF exhibited 2.7 GPa and 200–600 GPa for tensile strength and modulus 
experiments, respectively with nearly $30 for each Kg [58]. The expanding appli-
cations of CFs based on PAN in the industry are currently hampered by a lengthy 
stabilization procedure and a relatively expensive CF manufacturing cost [59]. Chlo-
rinated PVC is a low-cost synthetic polymer that contains 62–72 wt.% chlorine 
content (10 wt.% greater than PVC) prepared via PVC free-radical post-chlorination 
[60, 61]. Chlorinated PVC has a lot of similarities to PVC in terms of qualities and 
characteristics, however, it has greater thermal stability, mechanical durability, and 
resistance against chemicals [62]. 

CF filler loading, in practice, is a cost-effective approach to improve the stiffness 
of PVC to any required level, depending on the application. Kim et al. [63] claimed 
that chlorinated PVC fibers were made at a low cost via wet spinning with several 
elongation rates (0, 50, 100, and 125%) used to improve the physicochemical prop-
erties. PVC with CF reinforcement exhibited excellent mechanical qualities and low 
density. 

Rathy et al. [64] stated the preparation and investigation of innovative PVC/CFs 
nanocomposites. As CFs have recently become more affordable, they can be used 
to improve the mechanical qualities of mass-produced PVC (Fig. 3). Increasing the
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CFs nanofiller concentrations in the PVC resin can increase hardness and Young’s 
modulus, although tensile stress remained unchanged. Kiani et al. [65] described a 
new technology of plastic injection to produce PVC/CF-graphene nanocomposite 
for pipes’ coatings. To improve graphene distribution and orientation inside the 
matrix, preparation cycles and CFs were extruded. The high mechanical durability 
of the formed PVC/CFs-graphene nanocomposite prepared via melting procedure 
was caused by the polymer-fibers’ strong interfacial interaction. 

CFs fillings in thermoplastic polymers (such as PVC) offer various merits, as 
follows [66]:

1. CFs offer excellent mechanical, thermal, and electrical properties as well as 
recyclability and corrosion-protection for the developed nanocomposites. 

2. They have higher stiffness, strength, electrical and thermal conductivity as well 
as lower density and friction coefficient than glass fibers.

Fig. 3 a Schematic illustration of PVC composite reinforced with different CFs contents; b PVC– 
CF composite filled with 3% CF content to achieve high shore A hardness and increased Young’s 
modulus [64] 
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3. They are extremely conductive, while glass fibers are insulating. 
4. CFs-based thermoplastic polymeric composites are recycled through their 

melting and reconstructing to develop a new structure. 

On the contrary, CFs have some drawbacks for using as nanofillers in the 
thermoplastic resins, as follow [67, 68]: 

1. CFs are more expensive compared to glass fibers. 
2. The wetting properties and adherence of CFs to the thermoplastic matrix are 

poor. 
3. Under uniaxial tension, CFs-based thermoplastic nanocomposites show the 

minimal strain. 
4. The surface of virgin CFs is nonpolar while PVC resin is polar. 

These benefits and drawbacks should be considered before using PVC nanocom-
posite. 

5.2 PVC Reinforced with CB 

Polymer composites and recently nanocomposites grasp a great deal of scientific and 
industrial attention for their unique properties in functional and structural applica-
tions [69]. Fillers are usually added to polymers to reduce cost, enhance mechanical 
properties, facilitate processing and sometimes induce electrical conductivity. 

PVC is one of six important worldwide thermoplastics. It is cheap, has good 
dimensional strength, resisting chemicals and corrosion and importantly having rela-
tively good dielectric constant. However, it is inherently brittle and rigid and suffers 
from poor heat resistance thus could not find practical application unless formulated 
with different functional materials. According to scope of application, different ratios 
of plasticizer, filler, stabilizer, lubricant, UV-absorber, flame retarder, etc. are formu-
lated. Figure 4 shows some application fields and properties of CB/PVC composites 
and nanocomposites.

Plasticizers make a major contribution in allowing polymer chain mobility and 
flexibility during processing besides tailoring required properties of the final polymer 
composites Dioctyl phthalate (DOP) is a common plasticizer for PVC but nowadays, 
phthalate-free plasticizers become a worldwide need without compromising final 
product value. Changes in molecular structure and toxicity of plasticized PVC surface 
and bulk after exposure to short and long wave UV radiation were investigated [70]. 
Short wave rather than long wave UV radiation was found to produce toxic phthalates 
on PVC surface. Epoxidized soybean oil (ESBO) was found to be a good choice in 
enhancing processing and mechanical properties for PVC rather than DOP. It also acts 
as heat stabilizer for CB/PVC composites [71]. A reported mechanism for limiting 
dehydrochlorination of PVC during thermal degradation involves reaction of epoxide 
group in ESBO with HCl produced [72].
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Fig. 4 The industrial applications and properties of PVC reinforced with CB composites and 
nanocomposites

PVC was widely toughened with rubbers especially poly (butadiene-co-
acrylonitril) (NBR) [73] or other elastomers [74]. Different mechanical properties 
including hardness, resilience and elongation% are improved upon vulcanization 
[75]. Variation of particle size, specific surface area, structure (low or high), surface 
activity and loading % of CB besides intrinsic elasticity/viscosity of the rubber in 
use are main influencers that allow tailoring the required tire properties. Compos-
ites of natural rubber, high styrene rubber, nitrile blended PVC (NPVC) and CBs 
with different classes (ISAF, SAF and SRF) were prepared for heavy duty tire appli-
cation [76]. It was found that ISAF CB with high surface area and comparative 
low void volume is optimum filler with regard to curing time, andrate and mechan-
ical properties. In addition, using 20% NPVC shows maximum tear and abrasion 
resistance against almost all types of rocks and low heat generation upon friction. 
However, dispersion of small particle sized fillers for good reinforcement is essential
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but elusive. In this framework, aluminum hydroxide was added to CB/NBR/PVC 
composites [77]. It was found that it facilitates mixing of CB into NBR/PVC and 
accelerates vulcanization process. 

Swelling, of course, adversely affects mechanical properties of vulcanizates when 
come in contact with solvents. It was found that increasing the ratio of PVC in CB/ 
PVC/NBR nanocomposites up to 30–40 phr diminishes penetration rate and diffusion 
coefficient of kerosene that are responsible for enhancement of swelling properties 
[78]. Swelling resistance of CB/PVC composites was also enhanced by incorporation 
COOH- functionalized graphene nanoplatelets (GNP) in minute amounts (3–9 phr) 
[79]. The new CB/PVC/GNP nanocomposites exhibit excellent mechanical perfor-
mance. Another study found that halloysite nanotube has also beneficial impact 
on mechanical properties of CB/PVC composite and swelling characteristics [80]. 
Moreover, mica was reported as a complementary filler with CB for reinforcing NBR/ 
PVC [81] for rubber-based vibration dampers. Increasing the ratio of mica to CB 
shows decreased swelling and better toughness, elongation and vibration damping 
at various temperatures. 

Recently, in an attempt to replace the necessary CB filler in PVC/NBR, lignin was 
used as a co-filler. However, the poor compatibility of lignin with rubber is a drawback 
that would affect mechanical properties of the end product. Metal coordination to 
different functional groups found in both NBR and lignin opens the door for better 
compatibility. Wang et al. [82] reported using ZnCl2 for coordination between NBR 
and lignin through Zn2+. Hybrid composite of lignin/CB/PVC/NBR shows better 
tensile strength, Young’s modulus and oil swelling but lower elongation at break 
compared with CB/PVC/NBR. 

In addition to resilience, further important property was engaged with toughened 
PVC; electrical conductance. PVC is insulator by nature but composites with elec-
trical conductance find modern applications in electronic and structural materials. 
CB with different loading percentages was molded by the facile compression mode 
with PVC [83]. Threshold concentration of 15 wt.% CB was found to enhance elec-
trical properties as well as tensile characteristics. However, elongation at break and 
thus ductility and toughness were adversely affected. 

Enhanced electrical conductivity and dielectric constant of PVC were observed 
upon irradiating CB/PVC composites with ion beam as well as with increasing 
CB concentration [84]. Blends of PVC with poly(ethylene oxide) (PEO) and/or 
poly(ethylene glycol) diglycidyl ether (PEGDGE) as an electrolyte fits good for 
application in electronic devices. Incorporating conductive CB (CCB) to both blends 
enhances electric properties of the final composite film. It was found that PEGDGE 
acts as a good surface modifier for PVC/PEO/CCB composites thus leads to better 
distribution of CCB on the surface of films but on the other hand lowers tensile 
strength and thermal stability [85]. Supri et al. [86] also compared CCB with other 
conducting fillers namely, poly(aniline) (PAni) and poly(pyrrole) (PPy) for PVC/ 
PEO and PVC/PEO/PEGDGE films. Regarding the intrinsic conductivity of PPy, it 
shows the best conductivity while CCB was the lowest. 

Lately, acrylonitrile butadiene styrene (ABS) was used to ensure good dispersion 
of CCB nanofiller within PVC matrix [87]. CCB/PVC/ABS nanocomposites with
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segregated network of CCB show enhanced thermal and electrical conductivity in 
addition to better toughness. 

In the field of electroactive materials, piezoelectric polymers have appealing 
applications as energy harvesters, actuators, transducer, sensors and others [88– 
91]. Regarding the tensoresistivity of PVC filled with CCB, CCB/PVC composite 
was used as coating material for developing effective sensor enabled geogrids [92]. 
The study suggests the suitable concentration and structure (high or low) of CCB, 
mixing method and coating thickness that would affect the tesoresistivity properties. 
The established geogrids show excellent sensitivity in sensing strain and could be 
applied in health monitoring of geosynthetic structures. Sensitivity of tensoresistivity 
response was further tested upon cyclic tensile loading for the effect of two CCB 
structures (medium and high) [11]. CCB with high structure composites show minor 
damage and retrievability in contrast with low structure ones. 

Comparing electrical conductivity of CB, CFs and graphite (G) in PVC matrix, it 
was found that CB/PVC exhibits higher conductivity than PVC/CF and G/PVC for 
20% by weight [93]. However, further increase in filler loading CF and G composites 
show higher conductivity. This behavior was attributed to high surface area of CB 
with regard to CF or G at low loading. 

Application of CB/PVC in the field of strain sensors for wearable flexible elec-
tronics is promising for the composite high sensitivity. A new study reveals that 
micro-crack strain sensor on printable CB/PVC composite exhibits high sensitivity 
due to preserved morphology of the cracks on the composite surface [94]. Addition-
ally, a flexible temperature sensor was fixed on CB/PVC composite with different 
weight ratios of CB [95]. The sensor with only 6% CB in the composite shows 
immediate response with supersensitivity for temperatures between 18 and 44 °C 
making it a good choice for monitoring human body temperature and respiration 
rate. It is of interest to mention that a percolation threshold of 10% CB in CB/ 
PVC composite was suggested to be effective for application as positive temperature 
coefficient composite [96]. 

Nearly, 60% of polymers used in cable and wire insulation constitute PVC [97] 
for its inherent flameproof character. Historically, Raychem Corporation, California, 
USA was the first company to induce crosslinking to PVC by radiation chemistry 
for enhancing chemical, mechanical and thermal properties at low temperatures. 
In this context, effect of electron beam on CB/PVC composites was reported by 
Salem et al. [98]. The study reveals that addition of CB to PVC inhibits degra-
dation up to certain limit of irradiation by introducing more physical and chemical 
crosslinking. Consequently, tensile strength, elongation at break and thermal stability 
were improved. 

After World War II, it was trending to prepare PVC foam for its water resistance 
and light weight. In addition, easy processing, durability, low water absorption, low 
corrosion and fire resistance are attractive characteristics that make PVC foam a 
good candidate for indoor and outdoor applications. Tensile strength and elonga-
tion at break were easily improved by using only 1.5% CB (by weight) to prepare 
soft low density foam CB/PVC nanocomposite [99]. Moreover, CB is used for UV 
protection. In this regard, synergistic effect of modified CB with polyacrylic acid
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and polybenzimidazole as UV-stabilizers for PVC were investigated [100]. Such 
composite protects PVC against 99% of UV waves. 

6 Effect of Nanofillers on the Physico-Mechanical 
Properties 

It was decided to investigate a typical NBR/PVC composite with 70 phr carbon black. 
In order to reduce the use of Carbon black, melt-blending on a twin roll mill was used 
to develop new hybrid nanocomposites with a fixed content of 55 phr (Parts by weight 
per hundred of rubber) CB and a varied content of COOH functionalized graphene 
nano platelets, which were then tested and compared to conventional composites 
[79]. Zinc oxide (ZnO) nanoparticles are incorporated into a PVC-based nanocom-
posite using a gel-like technique. At 2.5–10 wt.% ZnO nanoparticles, tetrahydro-
furan solvent was used to make nanocomposites [101]. Controlling the percentages 
of nanofiller addition is essential to avoid agglomerations, brittleness, and cracking 
induced by the higher nanofiller concentrations. The structure-folding properties, 
atomic-scale arrangements, matrix–nanofiller interfacial bonding, surface area, and 
configurations along the complete nanocomposite building blocks can all be influ-
enced by the nanofillers’ concentrations in the PVC matrix. Finally well-dispersion of 
nanofillers in the PVC matrix can improve thermal stability, hardness, and durability. 

7 Conclusion 

In this chapter, the history and sustainability of PVC in addition to its structure, 
additives, polymerization, fusion and processing, formulations, and degradation 
were discussed in detail. Many PVC polymer nanocomposite materials are consid-
ered to be used for industrial applications because of their superior physical and 
mechanical properties. CFs and CB reinforced PVC composites and nanocompos-
ites were described extensively. Recent researches have been conducted to produce 
novel PVC/CFs and PVC/CB nanocomposites for plastic applications. To manage the 
PVC nanocomposites’ structure–property relationship, synthesis functions and the 
addition of nanofillers are critical issues. The physico-mechanical behavior can be 
altered by suitably spaced CFs or CB nanofillers in nanocomposites. These nanocom-
posites’ benefits include facility, economic, hardness, and recyclability. Conclu-
sively, the effects of dispersing CFs or CB nanofillers in PVC resins influences 
physico-mechanical properties of the nanocomposites finding advanced applications 
in various fields.
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8 Future Prospective 

Although the use of PVC resins in automotive and plastic industries is decades old 
and well-studied, today’s research focuses on modifying these materials to bring 
innovative nanocomposites with improved performance and environmental friend-
liness. As a result, efforts must be made to produce low-cost PVC nanocomposites 
that will result in safe transportation of organic chlorine materials with sustain-
ability awareness. CFs and CB nanofillers have several advantages over microfillers, 
such as higher strength-to-weight ratio, less filler percentage in the polymeric resin, 
improved polymer-nanofiller interfacial interactions, and increased mechanical prop-
erties. Long-term adverse environmental considerations of organic–inorganic PVC/ 
CFs and PVC/CB nanocomposites are critical issues for future developments. It’s 
unavoidable to investigate the effects of dispersing different concentrations of CFs 
and CB nanofillers on the hardness and young’s modulus capabilities of the PVC 
resins. Also, it is inevitable to study the wetting properties and adherence of PVC/ 
CFs and PVC/CB nanocomposites. Efforts should be directed toward achieving 100% 
sustainable carbonaceous PVC nanocomposites, which would provide a number of 
benefits, particularly for eco-friendly plastic materials’ applications. The shortcom-
ings of PVC/carbon filler nanocomposite may be overcome in the future, increasing 
their efficiency and potential for usage in a variety of novel applications. Such multi-
functional PVC nanocomposites will be widely available in the near future, saving 
billions of dollars in annual plastic costs. 
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