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ABSTRACT 

 

The use of nanotechnology is rapidly growing in various fields for different applications 

such as aerospace, electronics, construction, biomedicine, cosmetics etc. Nanomaterials posses 

unique size dependent material properties and can manipulate the host material properties to a 

greater extent compared to the micron sized particles of the same composition, and make them 

suit the requirements. Various kinds of nanomaterials with different size and shapes such as 

particulate, fibrous, layered, tube and foam when added to the host matrix material in composites 

will tailor the properties of the matrix material to a greater extent making nanocomposites a good 

alternative to conventional composites. 

In this research, more emphasis is made on improving mechanical and other physical 

properties of recycled high-density polyethylene (HDPE) polymer by adding graphene 

nanoplatelets at different concentrations. Recycled HDPE graphene nanocomposites were 

prepared using a solvent method assisted by a sonication method where samples are processed in 

to dog bone shaped specimens by using an injection molding process. For comparision, samples 

of plain recycled HDPE without graphene nanoplatelets were prepared. The samples were tested 

to evaluate the improvement in physical properties as function of the graphene concentrations in 

the polymer matrix. Physical properties of these samples were determined using different 

techniques: a) thermal conductivity which is found by using axial flow comparative cut bar 

method, b) dielectric constant is found by measuring capacitance of parallel plate capacitor setup 

using a capacitance bridge, c) water contact angle is found by optical angle goniometer, and d)  

tensile modulus is found by uniaxial tensile testing. The morphological characterization of PMN 

samples is performed using SEM technique to observe the type of distribution and dispersion of 

graphene nanoplatelets in the polymer matrix. The test results showed that adding graphene into 

recycled matrix drastically changed the physical properties of the materials. This may improve 

the value of the recycled materials for various applications. 
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CHAPTER 1 

INTRODUCTION 

 

Nanotechnology is utilized in various fields where the applications range anywhere from 

engineering to cosmetics. The leading attribute of this technology is the size that makes it so 

feasible to use in many different fields. The nano size of the materials provides certain 

advantages like high surface area and low surface defects in the material, thus improving the 

material properties. For example in composites nanotechnology can be used in the filler material 

to increase the composite strength and to decrease the composite weight.  

 Composites are widely used in many areas such as electronics, transportation, 

construction, consumer products and many other new applications because of their novel 

properties. They offer unusual combinations of mechanical properties and weight that are 

difficult to attain separately from the individual components. Compared to conventional 

composites nanocomposites have ultrafine nanometer size phase dimensions and offer unique 

combination of properties due to the size. Therefore this new class of materials offers advanced 

technology and business opportunities. In recent years, a considerable amount of research has 

been conducted on PMN’s both in the industry and academia to exploit the unique properties of 

nanosized regime. PMN’s represent a radical alternative to conventional filled polymers, by 

adding nanomaterials with high surface area to a polymer matrix material. The poor physical 

and mechanical properties of typical polymers can be tailored to the needs of the application to 

provide the essential properties. In PMN’s various types of polymers such as thermoplastics, 

thermosets and elastomers are being used as a matrix material. Among the various types of 

polymer-based nanocomposites, thermoplastic-based nanocomposites are gaining interest from 
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both academia and industry because of their unique ability to be recycled and reclaimed. 

Thermo mechanical recycling process is the most efficient inexpensive process, and this process 

is being used in the industry to recycle thermoplastics on a large scale. During the thermo 

mechanical recycling process, thermoplastics are subjected to various types of stresses such as 

thermal and mechanical stresses, which will alter the polymer molecular structure thus changing 

the polymer properties. Recycled polymers have poor properties compared to virgin polymers 

and are used in applications requiring low strength materials. In this study, an attempt is made 

to improve the properties of recycled polymer HDPE by adding graphene nanoplatelets in to the 

polymer. Recycled HDPE graphene nanocomposites are prepared, tested and evaluated for the 

effect of nanomaterial concentration on the improvement of physical and mechanical properties. 
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

2.1 Nanotechnology: 

Nanotechnology is precisely defined as design, characterization, production and 

application of materials, devices and systems at nanometer scale, by manipulating their shape 

and dimensions in a controlled way. These nanoscale products and materials exhibit at least one 

novel or superior property due to their nanoscale size.  

The properties of materials differ at atomic and subatomic levels when compared to the 

material at a much larger scale. In large size materials the average of all quantum forces act  

upon the atoms affecting the material properties, but when the materials are made smaller and 

smaller, these average forces will no longer act upon the atoms. The nanosize of the materials 

contributes high surface area and quantum effects to the materials, which improves the materials 

by enhancing their reactivity, strength and electrical properties. Nanoscience is a part of 

nanotechnology, which helps to study the physical properties of materials and products at 

atomic, molecular and micro molecular level depending on the material dimension. 

Nanotechnology combined with nanoscience controls the matter at nanometer scale and takes all 

the existing fields to nanoscale level [1]. 

 

2.2 Nanoparticles: 

Particles with at least one dimension less than 100nm (1 micron) are termed as 

nanoparticles. Nanoparticles have high relative surface area per unit volume, which makes them 

more chemically reactive than larger sized particles of the same material. The materials formed 
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from the nanoparticles (nanomaterials) exhibit new or enhanced size dependent material 

properties compared to conventional bulk materials [2]. 

 

2.3 Nanomaterials: 

Materials built with structural components whose size is less than 1 µm in at least one 

dimension are defined as nanomaterials. 

2.3.1 Classification of Nanomaterials: 

Nanomaterials are mostly classified based upon 5 factors, namely nanoparticle geometry, 

morphology, composition, uniformity and agglomeration. Based on nanoparticle geometry, 

nanomaterials are classified as 1D, 2D and 3D.  

 1D nanomaterials have one dimension of particulate in the nanometer scale and they are 

generally referred to as nanolayers, nanoclays, nanosheets or nanoplatelets. Graphite 

nanoplatelets, clay nanoplatelets and silicate nanoplatelets are examples of 1D 

nanomaterials  

 2D nanomaterials have two dimensions of the particulate in nanometer scale and third 

dimension in micro or macrometer scale. These materials form an elongated structure and 

are generally referred to as nanotubes, nanofibres, nanorods or whiskers. Carbon 

nanotubes and carbon fibers are good examples of 2D nanomaterials 

 3D nanomaterials have all three dimensions of particulate in nanometer scale and are 

generally referred to as equiaxed nanoparticles, nanogranules or nanocrystals. Fullerenes, 

dendrimers and quntum dots are examples of 3D nanomaterials 

 Nanoparticles possess different morphologies for example spherical and flat. Based on 

their morphology nanomaterials are generally classified as materials with either high 
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aspect ratio nanoparticles or low aspect ratio nanoparticles. Aspect ratio is defined as the 

ratio of particle long axis length to the particle diameter or thickness. Nanotubes and 

nanowires with various shapes like helices, zigzags and belts are examples of high aspect 

ratio nanoparticles. Small aspect ratio nanomaterials include nanoparticles with different 

shapes like helical, spherical, cubic, pillar and oval. Most of these nanoparticles exist in 

the form of powder, suspensions and colloids 

 Nanomaterials can be either composed of single constituent material or it can be a 

composite of several materials. For example nanoparticles produced by natural processes 

are often agglomerations of various compositions, and pure single composition 

nanoparticles (engineered nanomaterials) are synthesized by various processes such as 

mechanical processes, gas phase processes, vapor deposition synthesis etc 

 Nanoparticles can exist in agglomerate state or can be dispersed uniformly depending on 

their chemistry and electromagnetic properties. Nanoparticles due to their high surface 

energy come together and tend to form clusters/agglomerates, which can be avoided with 

the proper chemical treatment that reduces the nanoparticle surface energy and distributes 

them uniformly 
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Figure 1 shows classification of the nanomaterials based on the above characteristics: 

 

 

 

Figure1: Classification of nanomaterials [3]. 

 

 

In addition to the above factors, nanomaterials can also be classified based on their 

pathway and also according to the main material they are composed of.  

Based on their pathway, nanomaterials are classified as natural, incidental and engineered 

nanomaterials. Natural nanomaterials are formed through natural processes occurring in the 

environment, such as minerals, volcanic dust, lunar dust etc. Incidental nanomaterials are formed 

from manmade industrial processes, such as coal combustion etc. Engineered nanomaterials are 
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synthesized in two ways: a) nanoparticles of desired size and configuration can be obtained 

either by lithographically etching or by milling a big sample, or b) by assembling smaller sub 

units through crystal growth or chemical synthesis. Based on the main material category 

nanomaterials are classified as carbon based nanomaterials, nanocomposites, metals and alloys, 

biological nanomaterials, nano-polymers, nano-glasses and nano-ceramics [4, 5]. 

2.3.2 Properties of Nanomaterials: 

The transition of particle size from micrometer to nanometer yields dramatic changes in 

particle physical properties. Nanomaterials because of size have significantly different properties 

as compared to the larger dimension materials of similar composition [6]. There are mainly two 

factors that cause properties of nanomaterials to differ significantly from other materials: [7] 

 Surface Effects 

 Quantum Effects 

These two size dependent factors yield nanomaterials: 

 High Surface Area 

 High Surface Energy 

 Spatial Confinement and 

 Reduced Imperfections, which do not exist in larger dimension materials 

 Surface Effects:  

With the decrease in particle size, a large proportion of atoms are found on the particle’s 

surface compared to those within the inside core. For example, particles with a size of 30nm 

have 5% surface atoms, 10nm have 20% surface atoms and 3nm have 50% surface atoms. 

Nanomaterials with a large percentage of surface atoms have an extremely large surface area 

to volume ratio. Since most of the physical and chemical interactions of materials are 
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governed by material surfaces and surface properties, nanomaterials will have more surface 

dependent material properties compared to micron size materials of the same composition. 

The surface properties of nanoparticles influence interfacial characteristics and 

agglomeration behavior [8]. 

 

 

 

 

 

 

 

 

 

  

Figure 2: Schematic representation of an increase in the surface area of cube with decrease 

in the particle size [9]. 

 

Figure 2 schematically shows the affect of decrease in particle size on the relative particle 

surface area. As a single crystal the cube with edge length of 27cm has surface area of about 

 and upon decreasing the edge length of the cube to 1 mm, it will have approximately 

 small cubes with the total surface area of , and upon a further reduction of cube 

edge length to 5nm leads to approximately  small cubes with total surface area of 

2   [9]. 
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Figure 3: Surface area to volume ratio equations for common nanomaterials [10] 

 

The first term in the surface area to volume ratio equation dominates the surface area 

volume ratio of nanomaterials. The relative surface area per unit volume is inversely 

proportional to the diameter in the case of particles and fibers. In the case of layered materials, 

relative surface area per unit volume is inversely proportional to material thickness. The change 

in particle/ fibrous diameter and layer thickness from micron size to nano size will affect the 

surface area to volume ratio by three orders of magnitude, thus affecting the properties and 

performance of nanomaterials compared to bulk materials. Therefore particles, fibers with small 

diameter and layered materials with small thickness have high surface area [10]. 

Due to the presence of a large fraction of surface atoms in nanomaterials, several 

interparticle forces such as Vander Waals forces, electro static forces and magnetic attraction 

forces become stronger resulting in high surface energy in nanomaterials [11]. 
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Reduced material imperfections also affect the material properties. For example, 

chemical stability and mechanical strength of certain nanomaterials are improved compared to 

large size materials of the same composition. Thermal annealing of nanomaterials moves certain 

nanodimension high energetic impurities and intrinsic material defects to the surface very easily 

as compared to the large size materials thus enabling an increased material perfection [10]. 

 Quantum Effects: 

Spatial confinement effect on the material is more pronounced in nanomaterials due to their 

nanometer size, which results in stronger quantum effects. The quantum confinement in the 

nanomaterial modifies the energy band structure and charge carrier density quite differently 

from bulk materials and magnetic behavior which in turn affects the materials electrical, 

optical, and magnetic behavior [11]. 

 

2.4 Nanocomposites: 

Over the past few decades, composites have become much more prominent and are used 

in several fields, for example: - construction, electronics, transportation, consumer products, etc. 

Composite materials are composed of two or more distinct materials and are expected to display 

extensive features emerging from the combination of properties of each component. The 

properties of composites are superior to those of individual components. They have high specific 

modulus and high specific strength when compared to individual traditional materials and these 

properties can be tailored for a specific application [12]. 

Compared to conventional composites nanocomposites are defined as multi phase solid 

materials where one of the phases is a nanomaterial whose size is less than 100nm in at least one 

dimension. Because of nanometer size of the materials, nanocomposites possess unique size 
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dependent properties, which are not typically shared by their conventional micro composite 

counterparts. Nanocomposites with their outstanding properties are finding applications in 

numerous fields. It has been estimated that there is a great increase in the trend of global 

consumption of nanocomposites as seen in Figure 4 [13, 14]. 

 

 

 

 

 

 

 

 

 

 

Figure 4: Summary of global consumption of nanocomposites from 2008-2014 [14] 

 

Nanocomposites have more advantages than conventional composites in various aspects. The 

advantages of nanocomposites are [15]:  

1. The property enhancement of the host matrix material in nanocomposites can be achieved 

with a very low nanoparticulate addition compared to conventional composites that 

require much higher loading levels of traditional micro particle additions. 

2. Due to low filler content, nanocomposites are much lighter in weight than bulk material 

composites. 
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3. Nanomaterials with size dependent material properties enhances thermal, mechanical, 

electric, magnetic and optical behavior of host material to a greater extent than 

conventional composites made with traditional micro particle additives. 

 

As a result, nanocomposites are a good alternative to conventional/traditional composites 

for various applications due to their excellent features such as lighter weight for similar 

performance, high specific strength for similar structural dimensions, and increased barrier 

performance for similar metal thickness. 

2.4.1 Types of Nanocomposites: 

 Nanocomposites are generally classified according to their matrix materials and type of 

reinforcement material.  

Classification according to the type of matrix material: 

According to the type of matrix material nanocomposites are classified into three types [16]: 

1. Polymer Matrix Based Nanocomposites 

2. Ceramic Matrix Based Nanocomposites 

3. Metal Matrix Based Nanocomposites 

2.4.1.1.1 Polymer Matrix Based Nanocomposites:  

 PMN’s are multi component materials, the major constituent in PMN’s is the polymer 

matrix and the minor constituent is a inorganic nanoparticulate additive. 

 Polymers are important traditional materials that are finding use in various technical 

applications and they have been part of life science since the beginning of humankind. They are 

large molecules made up of smaller repeating units, these repeating units are often made up of 

carbon, hydrogen and sometimes made of oxygen, nitrogen, sulfur, chlorine, fluorine, 
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phosphorous and silicon. Polymers can be 1D, 2D or 3D network of repeated units, most of the 

manufacturing polymers have 2D and 3D network of repeated units. Polymers having 3D 

network of repeated are called thermosets and 1D network of repeated units are called 

thermoplastics. 

 Polymers have unique properties such as lightweight, high durability, easy processing, 

corrosion resistance, ductility and low cost. Compared to ceramics and metals, polymers have 

relatively poor mechanical, thermal and electrical properties. Polymers also have poor gas 

barrier properties, heat resistance and fire performance properties. The most important and 

unique property of polymers is weight. Polymers are less dense than ceramics and metals, they 

have a low coordination number and light weight atoms of carbon and hydrogen as a backbone 

which makes them find use as structural components and construction materials in light weight 

applications such as defense, aerospace, automobile, electronics, etc [17,18 ] 

 By retaining the outstanding properties and improving the poor properties of polymers, 

they can be widely used in applications continuously demanding additional improved properties 

and functions. In majority of their diverse applications, polymers are multicomponent systems 

that are added with fillers to produce a variety of materials with unique properties and 

competitive production costs. Before the introduction of composite materials, various types of 

polymers like homopolymers, co-polymers, blended and modified polymers were used in 

applications requiring some improved properties but these polymers could not meet the 

requirements because they are not sufficient enough to compensate various properties. 

Alternative approach to enhance and improve the polymer properties is to reinforce it with other 

materials. With well-dispersed nanosized fillers in the host polymer matrix most property 

enhancements can be achieved at lower filler content than conventional composites. The 
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inclusion of nanoparticles with high surface area, high surface energy and often with anisotropic 

geometry in the polymer matrix will decrease the interparticle distance and increases polymer 

matrix interaction strength. Therefore, PMN’s with completely new combinations of properties 

enable new applications and also expands the performance space of traditionally filled polymers 

[19]. 

2.4.1.1.2 Properties of Polymer Matrix Nanocomposites: 

The novel properties of nanocomposites and the extent of property enhancement of host 

matrix material not only depends on properties of individual parent components but also depends 

on [20, 21]: 

 Degree of mixing of two phases 

 Type of adhesion at the matrix interface 

 Volume fraction of nanoparticle inclusions  

 Nanoparticle characteristics  

 Nature of the interphase developed at the matrix interface 

 Size and shape of nanofiller inclusions and 

 Morphology of the system  

To achieve new or enhanced properties of nanocomposites, the nanoparticles should be 

properly dispersed and distributed in the matrix material, otherwise the high surface area of 

nanoparticles is compromised and they will tend to form clusters/agglomerates. These aggregates 

will further act as defects and limits the property enhancement, therefore to attain maximum 

enhancement of properties, nanoparticles should be homogenously and individually dispersed in 

the matrix. Figure 5 schematically illustrates different types of distribution of nanoparticles in the 

host matrix material, (a) good distribution but poor dispersion, (b) poor distribution and poor 
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dispersion, (c) poor distribution but good dispersion, and (d) good distribution and good 

dispersion. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Distribution and dispersion of nanoparticles in the matrix [22] 

 

The next important factor affecting the nanocomposite property enhancement is the 

nature of interphase developed at the matrix filler interface. In addition to displaying a variety of 

properties, the common feature of polymer matrix nanocomposites is the existence of phase 

borders between host matrix material and nanofiller surface, and the formation of interphase 

layer between the components. The composition, properties and structure of the interphase vary 

across the interphase region and are different from both filler and matrix. Most of the interphase 

properties depend on the bound surface and therefore the nanocomposite properties can be 

tailored by optimizing the interfacial bond between the nanofiller and polymer matrix. The 
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interfacial interaction between two interconnecting phases depends on the ratio of free surface 

energy of filler and matrix. Particles with nanosize have a high surface area and provide high 

surface energy therefore the total surface area of a nanoparticle determines the extent of 

interphase phenomena contribution to the properties of PMN’s [23]. 

 

 

 

 

 

 

 

 

 

 

Figure 6: Structure of interphase region between filler and polymer matrix [23] 

 

As can be seen from the Figure 6, the structure of the interphase region consists of 

flexible polymer chains, typically in sequences of adsorbed segments and unadsorbed segments. 

Adsorbed segments have point contact with nanoparticle surface in the form of anchors/ trains 

and unabsorbed segments have no surface contact and exist as loops and tails entangles with 

other polymer chains in their vicinity. The thickness of the interphase region formed between 

two components of PMN’s depends on chain flexibility, energy of adsorption, and the extent of 

polymer chain entanglement. The interphase structure and properties determine the efficiency of 
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stress transfer from matrix to filler i.e. the interfacial characteristics strongly affects the strength 

and ductility of the host polymer [24]. 

 

The adhesion of polymer chains with the nanoparticle surface at the interphase 

determines the enhancement of host polymer properties. The polymer needs to have strong 

interaction with the nanofiller surface either physically or chemically in order to improve the 

polymer properties. The strength of interaction of polymer with the nanofiller surface controls 

the formation of polymer molecular conformations and polymer entanglement distribution at the 

nanoparticle surface. Good adhesion at the polymer matrix interface improves the mechanical 

properties such as interlaminar shear strength, delaminar resistance, corrosion resistance, fatigue, 

dielectric properties, thermal stability, flame retardancy and gas permeability at very low filler-

volume fractions [23, 33, 34, 26]. 

 

 

 

 

 

 

 

 

Figure 7: Different types of polymer matrix adhesion with the nanoparticle surface [23] 
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Figure 7 schematically shows two different types of polymer matrix adhesion with the 

nanofiller surface, (a) Strong adhesion of polymer chains with nanoparticle surface, and (b) 

Weak adhesion of polymer matrix with nanoparticle surface. Strong interaction of polymer chain 

segments with the nanoparticle surface results in short loops and flat dense layer residing on the 

nanoparticle surface, whereas, poor interaction results in the formation of a lower density region 

with polymer loops and tails extending farther into the matrix. 

 The nanocomposite properties also depend on the volume fraction of nanofiller inclusions 

in the polymer matrix. It has been proved in various experimental studies that greater polymer 

matrix property enhancement can be achieved at low filler content compared to high filler 

volume fraction. At high nanofiller volume fraction, the nanoparticle surface energy will be 

increased and the separation between the individual surfaces is decreased leading to the 

formation of nanoparticles agglomerates. These aggregates will act as defects and thus limits 

polymer nanocomposite properties [25, 27, 28] 

The extent of host polymer property tailoring also depends on the aspect ratio (size) and 

shape of the nanoparticle. Aspect ratio is defined as the ratio of long axis length to the platelet 

thickness/ particle, fiber diameter. This is one of the important factors affecting physical and 

mechanical properties of polymer nanocomposites. High aspect ratio nanoparticles have 

relatively high surface area compared to low aspect ratio nanoparticles and this factor enhances 

the polymer properties to a greater extent than low aspect ratio nanoparticles [29, 30]. 

Asymmetric nanoparticles like layered silicates or carbon nanotubes are expected to 

enhance polymer properties (viscosity, shear modulus, tensile strength) to a great extent than 

symmetrical nanoparticles with spherical shape etc. Compared with elongated rod like 



19 

 

nanoparticles and highly symmetric nanoparticles, sheet like nanoparticles enhances polymer 

properties like gas permeability and mechanical properties to a greater extent [29,31]. 

The properties of nanocomposites highly depend on their microstructure. The 

morphological characteristic nature of the system describes the structure property relationship of 

polymer nanoplatelet type of nanocomposites. By separating the nanolayers and dispersing them 

uniformly in the polymer matrix, nanoplatelet reinforced composites can be used more 

efficiently. Depending on the nature of components, preparation methods, degree of dispersion 

of layered nanoplatelets, and the strength of interfacial interactions between the polymer matrix 

and layered nanomaterial microstructure of nanocomposites is ideally classified as exfoliated, 

intercalated and aggregated. For example, exfoliated structure of polymer layered silicate 

nanocomposites is obtained when the silicate layers are completely and uniformly dispersed in 

the polymer matrix. Intercalated structure is obtained when one or more polymer chains 

intercalate into the silicate layers forming multilayer morphology, this structure has alternative 

layers of polymer chains and silicate layers. Aggregated, unintercalated and microcomposite 

structures are obtained when polymer chains are unable to intercalate into the silicate layers, and 

the properties of this type of PMN’s are similar to the traditional microcomposite properties [35].  

Figure 8 shows different types of nanocomposites arising from the intercalation layered silicates 

and polymer chains, (a) Unintercalated nanocomposite, (b) Intercalated nanocomposite, (c) 

Exfoliated nanocomposite. 
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Figure 8: Different types of PMN microstructures [32] 

 
2.4.1.1.3 Types of Polymer Matrix Nanocomposites: 
 

The major constituent in PMN’s is polymer, and there are larger varieties of polymer 

systems being used in the preparation of PMN’s [33]:  

1. Thermoplastics  

2. Thermosets  

3. Elastomers 

4. Natural and Biodegradable polymers 

The choice of the polymer matrix material for the preparation of PMN’s for a specific 

application is usually guided by their mechanical, electrical, optical, magnetic properties, 

biocompatibility, chemical stability and chemical functionalities. Thermoset based 

nanocomposites are the most common nanocomposites traditionally known and are being used in 
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many applications, but in recent years thermoplastic-based nanocomposites have attracted much 

of the research interest both in industry and academia for development. The properties of 

polymers mainly depend on the polymer structure, which in turn depends on the chemical 

composition, morphology and processing parameters.  

The main difference between thermoplastics and thermosets is that they respond 

differently to the heat and this is mainly due to the different molecular structures [34, 35,36] 

 Thermoplastics: 

Thermoplastics upon the application of heat will soften and eventually melt above the glass 

transition temperature, and will be solidified and hardened upon cooling. These polymers are 

composed of long individual molecules bonded together by weak secondary bonds, Vander 

Waals bond, hydrogen bonds, and when heated the linear slightly branched chains do not 

chemically bond with each other but slide over one another without rupturing bonds within 

the individual polymer molecule. Therefore thermoplastics can be reclaimed and recycled 

[37]. 

 Thermosets: 

Thermosets upon application of heat will not soften or melt, but will char and breakdown 

chemically at high temperature. This is due to thermosets consists of chain molecules which 

chemically bond and cross link with each other forming 3D networks when heated. 

Generally, thermosets are rigid, harder, brittle and mechanically stronger when compared to 

thermoplastics [37]. 
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2.4.1.1.4 Advantages and Disadvantages of Thermoplastic Based Nanocomposites: 

The advantages of thermoplastic-based nanocomposites over thermoset based 

nanocomposites, traditional metals and plastics are [38, 39] 

1. Thermoplastic based nanocomposites can be reprocessed, recycled, repaired, reused and 

reshaped 

2. They have superior impact, compressive strength 

3. Greater toughness and stiffness 

4. They are non-toxic to produce 

5. They have long material life span 

6. They are an affordable replacement to metals like aluminum, steel and titanium  

The disadvantages of thermosets include they are brittle and the damaged, scrapped parts 

cannot be repaired or recycled. These limitations led to the development of thermoplastics [39]. 

2.4.1.1.5 Applications of Thermoplastic Based Nanocomposites: 

Thermoplastic-based nanocomosites are being used widely in automotive, aerospace, 

construction and material handling industry [38]. 

2.4.1.1.6 Classification of Thermoplastics: 

Based on maximum polymer service temperature (the temperature at which they can retain their 

properties for higher engineering performance) thermoplastics are further categorized into three 

types [39, 40]: 

 Commodity Thermoplastics: The molding temperature of these thermoplastics is in the 

range of  , and they are commonly known as high volume thermoplastics. 

These plastics are being widely used for packaging and are injection molded to produce 
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wide variety of plastic products. Polyethylene, Polypropylene, PVC and Polystyrene are 

the commonly found commodity thermoplastics. 

 Engineering Thermoplastics: Engineering thermoplastics are molded between 

 , and have enhanced properties. They are used in applications like 

electronics, automotive, industrial products, etc. that require both precision form and 

mechanical performance. Nylon, Polyamide, Polycarbonate, Polybutylene tetrapthalate, 

polyethylene tetrapthalate, polyoxymethylene are good examples of engineering 

thermoplastics. 

 High Performance Thermoplastics: These polymers have melting points between 

 and are known as amorphous materials. These thermoplastics have long 

polymer chains with tough linkages. High performance thermoplastics are used mainly in 

applications that require specialized properties like heat tolerance, chemical resistance, 

transparency, dimensional integrity, fire resistance, etc. Examples: Polysulfone, 

Polyethrimide. 

 

2.5 HDPE: 

High Density Polyethylene is the third largest commodity thermoplastic consumed by 

volume. It is produced from ethylene by a catalytic polymerization process.  It was first produced 

in 1930 by an American chemist at E.I. du Pont de Nemours & Company, Inc., Carl Shipp 

Marvel prepared HDPE by subjecting ethylene to high amount of pressure.  The molecular 

structure of HDPE has linear chains of carbon atoms with very few branches (hydrogen atoms), 
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and these linear chains can easily undergo chain folding resulting in crystallization, therefore, the 

degree of crystallinity is more in HDPE [41, 42, 43].  

2.5.1 Molecular Formula of HDPE [46]: 

 

 

Figure 9: Molecular structure of HDPE 

 

2.5.2 Properties of HDPE: 

The physical and chemical properties of polymers mostly depend on their molecular 

structure, molecular weight and molecular weight distribution. Due to the high degree of 

crystallinity HDPE is  

 Rigid, harder and denser 

 More resistant to chemicals 

  Insoluble in solvents 

  Has high impact, tensile strength and 

  Withstands high temperatures 
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2.5.3 Applications of HDPE: 

HDPE can be processed by any one of the conventional plastic manufacturing techniques 

such as injection molding, extrusion and blow molding to produce wide variety of products. The 

list of products made from HDPE are milk bottles, non-carbonated drink bottles, drums, 

automobile fuel tanks, toys, household goods, electrical and telecommunication cables, pipes etc. 

Due its good chemical resistance it is also used in packaging both for household goods and 

industrial goods [44]. 

 

2.6 Recycling: 

The excellent feature of thermoplastics is that they can be remelted and reused; therefore 

they can be easily recycled and reclaimed. Recycling is the process of collecting used products 

and materials, which would be otherwise considered as waste, and reprocessing certain materials 

into new useful recycled products. There are large varieties of materials being recycled today 

such as plastic, paper, aluminum cans, glass, tires, batteries, metals, cell phones, water, 

computers, ink cartridges, etc. 

2.6.1 Recycling Symbol: 

 

 

 

 

 

 

                                      Figure 10: Recycling symbol [45] 



26 

 

The universally accepted recycling symbol is composed of three arrows following each 

other forming a closed continuous loop. The 3 arrows in the symbol signify the 3 steps/ activities 

in recycling process [45]. 

2.6.2 Waste Management: 

Over the past decade, there has been an increasing trend in the product consumption all 

around the world that is creating serious global waste disposal problem. It is believed that larger 

amount of waste is produced and disposed into the environment than the environment can 

absorb. Waste generation can be minimized in 3 steps: Reduce, Reuse and Recycle, these options 

will result in conservation of natural resources and reduces the environmental damage [46, 47]. 

Reduce: Reduce primarily means to use fewer resources. There are so many ways to 

reduce the use of resources:  

 To buy recycled products made from post consumer recycled materials 

 By avoiding overly packaged goods 

 Reducing the amount toxic waste thrown away 

 Reducing the waste by selective shopping 

Reuse: Reusing the products helps to keep the new products from being used for a while 

and limits the disposal of the old materials into the waste stream. For example, household goods 

like glass bottles, containers, etc can be reused and rechargeable batteries can be used to reduce 

the disposal of single use batteries into the landfills. 

Recycle: The last step in waste management is to recycle the used products instead of 

disposing them into the waste stream. 
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Figure 11: Waste management [48] 

 

2.6.3 Plastic Recycling: 

Plastic materials dumped into the landfills deteriorate in the complete sunlight but do not 

decompose completely. Recycling them can minimize the amount of plastic waste thrown away 

in to the landfills. 

2.6.3.1.1 Steps in Plastic Recycling Process: 

A Plastic Recycling process involves a series of activities and they are [49, 50] : 

1. Collection 

2. Processing 

3. Manufacturing 

 The first step in the plastic recycling process is collecting the plastic waste from 

municipal solid waste. The collected municipal waste from the curbside is sent to the 

material recovery facilities, where the plastic waste is separated from other waste, trash 

and recyclable goods. The plastic products are then sorted according to their plastic type. 
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In the 1980’s, the Society of the Plastics Industry created a numerical coding system for 

different types of plastics [51]. 

 In the second step of plastic recycling process, the plastic waste is recycled using three 

different technologies: [52,53,54]: 

1. Mechanical Recycling 

2. Chemical Recycling 

3. Energy Recovery 

Mechanical Recycling: Mechanical recycling is the process of recycling used plastic material/ 

products into new usable recycled products. This is the simplest and relatively cheapest methods 

of recycling. The mechanical plastic recycling process involves several steps: 

 Cutting 

 Shredding 

 Contaminants Separation 

 Floating 

 Extrusion 

 Pelletizing 

The sorted plastic materials are sent to the reclamation facility where other trash and dirt 

is removed. The large plastic parts are cut and are chopped into small flakes. These flakes are 

washed properly and the contaminants are removed using floatation techniques. The plastic 

flakes are then dried, melted, extruded and are chopped into pellets. 
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Figure 12: Schematic representation of plastic separation and compounding unit [52] 

 

 In the third step, the plastic pellets are sent to the manufacturing unit where new recycled 

plastic products are manufactured. The plastic recycling process completes only when 

these recycled products are sold and put into use. 

 

The other two technologies of plastic recycling are chemical recycling and energy 

recovery.  

Chemical Recycling: In this process plastics are recycled into fuels, and this process is more 

expensive than mechanical recycling process since it involves the depolymerization process. 

Depolymerization process is reverse of polymerization process, in this process polymers are 

broken down in to its constituent’s i.e. monomers, and these monomers are used as raw materials 
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to manufacture a new polymer. Chemical recycling is also known as feedstock recycling and 

involves three methods: 

 Pyrolysis: In this method chemical decomposition of polymers takes place by inducing 

heat in the absence of oxygen 

 Hydrogenation: Hydrogenation process involves a chemical reaction between hydrogen 

and the polymer in the presence of a catalyst 

 Gassification: Gassification is the process of converting polymers in to the mixture of 

carbon monoxide and hydrogen. 

Energy Recovery: Plastics store lot of energy within them, they produce heat energy and 

alternative fuels by controlled combustion. In the energy recovery process, the stored energy 

from plastics can be recovered through the incineration process of plastic municipal waste and 

the produced heat energy is used to produce electricity or steam, the fuels from the plastic waste 

are used in several manufacturing process and in power stations. 

Both the chemical recycling and energy recovery methods of plastic recycling involve complex 

procedures, high costs and also causes environmental damage. The only feasible solution for 

plastic waste generation is to recycle plastics using thermo mechanical recycling. 
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2.6.3.1.2 Different types of plastics recycled [55]: 

Plastic 
Identity 

Code 

 

Examples 

 

Type of plastic 

 

Recycle 
rate 

 

Characteristic
s 

 

Common Use 

 

 

 

PET 

Polyethylene 
terephthalate  

 

 

 

23% 

 

Rigid, clear  
and  are used 

as fibre 

 

Soft drink and 
water bottles, 

cosmetic 
containers, 

Textile fibers 
etc. 

 

 

 

HDPE 

High density 
polyethylene 

 

 

 

27% 

 

Hard to semi 
flexible, 

usually white 
and coloured 

 

Milk and juice 
jugs, detergents, 

grocery bags 

 

 

PVC 

Polyvinyl 

Chloride 

 

 

Less than 
1% 

 

Hard to rigid, 
can be clear 

 

Window frames, 
meat wrap, blood 

bags, cable 
sheathing 

 

 

 

LDPE 

Low density 
polyethylene 

 

 

 

Less than 
1% 

 

Waxy surface, 
soft and 
flexible 

 

Plastic food 
wrap, dry 

cleaning bags, 
bread bags 



32 

 

 

 

 

PP 

Polypropylene 

 

 

 

3% 

 

Hard but 
flexible 

 

Straws, medicine 
bottles, potato 

chip bags 

 

 

PS 

Polystyrene 

 

 

Less than 
1% 

 

Clear and 
glassy look 

 

Egg cartons, CD 
and video cases 

 

 

 

Includes all other plastics, including acrylic and nylon.  These 
cannot be recycled 

 

Table 1: Different types of plastics recycled 

 

  From the Table 1 it can be seen that HDPE is recycled at a higher rate compared to other 

types of plastics. In order to make recycled thermoplastic materials more efficient, useful and 

beneficial in various structural or commercial applications they are blended, reinforced and 

mixed with other materials. Therefore, recycled polymers reinforced with nanoparticle inclusions 

have enhanced properties and can be a better alternative to virgin plastic material in various 

applications providing economical and environmental benefit. 

2.6.3.1.3 .Benefits of plastic recycling [51, 56, 57]: 

The following are the advantages of plastic recycling: 
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1. Less consumption of natural resources: 1 ton of plastic recycling saves approximately 3.8 

barrels of petroleum and 318 gallons of gasoline 

2. Less emission of greenhouse gases like carbon dioxide into the environment  

3. Less energy usage: New plastic products made from recycled plastic material uses two-

thirds less energy (12%) compared to the products made from raw materials gas and oil 

4. Recycling creates jobs 

5. Need for new landfills and incinerators is reduced:  7.4 cubic yards of landfill space can 

be saved by recycling 1 ton of plastic 

2.6.3.1.4 Applications of Recycled Plastic Products: 

  Recycled plastics are becoming a good economical alternative to virgin resin material in 

manufacturing of various plastic products. With the improvement in recycling technology, most 

of the plastic manufacturers started using recycled resins as an alternative to virgin resin. 

Recycled plastics are finding use in many applications. They are being used in construction, 

automotive, packaging, etc. 

2.6.4 Properties of Recycled Plastics: 

  As discussed in chapter 2, most of the polymer properties depend on the polymer 

molecular structure, and since thermoplastics consist of individual molecules, most of the 

thermoplastic properties are largely influenced by their molecular weight. Therefore increasing 

their molecular weight can increase the mechanical properties such as tensile strength, impact 

strength and fatigue strength. The molecular weight of recycled thermoplastics is decreased 

compared to virgin plastic thereby decreasing their mechanical properties. The tensile and 

fatigue strength properties of recycled plastics are decreased by 10% compared to virgin plastic 

material [58, 59]. 
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  Many experimental studies have been done on melt-blended matrices using different 

types of thermoplastic resins. These melt-blended matrices have lower mechanical properties 

compared to virgin materials but it reduces cost and can be used in applications that do not 

require higher loading and unloading [59]. Recycled polymers reinforced with nanoparticle 

inclusions have enhanced properties and can be a better alternative to virgin plastic material in 

various applications providing economical and environmental benefit. 

 

2.7 Polymer Matrix Nanocomposites Processing Techniques: 

Polymer nanocomposites can be fabricated either by a mechanical or chemical approach. 

One of the major problems involved in the fabrication of polymer nanocomposites is the proper 

dispersion of nanofiller in the polymer matrix. Nanofillers due to their high surface energy, have 

a tendency to aggregate tightly forming micron sized filler clusters which will limit the 

dispersion of nanoparticles. Many attempts have been made to disperse nanofillers uniformly in 

the matrix often assisted by nanofiller surface modification, chemical reactions or complicated 

polymerization reactions making them unsuitable for large-scale production [60]. 

Mostly polymer nanocomposites are fabricated by the following four methods [61] 

1. Intercalation method 

2. In situ Polymerization method 

3. Sol Gel method 

4. Direct Mixing 

2.7.1 Intercalation Method: 

Intercalation method generally disperses nanoplatelet types of nanomaterials into the 

polymer matrix. This is a top down approach, and requires nanoplatelet surface modification for 
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uniform distribution of plate-like nanofillers in the polymer matrix. The nanoplatelets can be 

uniformly dispersed by the following two techniques [62, 63,64] 

 Chemical Technique: This technique is also called in situ polymerization method that 

involves in situ polymerization of monomers with the nanoplatelets. The nanoplatelet is 

swollen within the monomer solution and the polymer formation occurs between the 

intercalated nanoplatelet sheets by standard polymerization methods often initiated either 

by heat or by an organic initiator or by a catalyst.  

 Mechanical Technique: This technique involves direct intercalation of polymer with 

nanoplatelet through solution mixing in a suitable solvent or melt compounding of the 

polymer with the nanoplatelet through the melt intercalation method under high shear 

condition. In this technique polymer is dissolved in the cosolvent and nanoplatelet is 

swollen in the solvent and these two solutions are mixed together, the polymer chains in 

the solution intercalate into the nanoplatelet layers and displaces the solvent. 

2.7.2 In Situ polymerization Method: [62, 64] 

In this method nanofiller is dispersed in the monomer or polymer solution and the 

resulting mixture is polymerized by standard polymerization methods. This method requires 

organic modification of particle surface and employs complicated polymerization reactions. 

2.7.3 Sol Gel Method: 

Sol gel method follows a bottom up approach fabricating method. In this method solid 

nanoparticles are dispersed in the monomer solution, they cross link with each other and polymer 

forming 3D polymer nanoparticle network by polymerization reactions followed by the 

hydrolysis procedure. The polymer nanoparticle 3D network extends throughout the liquid [65, 

66].  
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All the above mentioned polymer nanocomposite processing methods require various 

kinds of chemical agents and involve several complex chemical reactions and polymerization 

reactions. These processes, therefore, require elaborate facilities and equipment and have 

chemical waste disposal problems which make them unsuitable for large scale industrial use .The 

simplest method of dispersing inorganic nanofillers into the polymer matrix without any particle 

surface modification or complicated reactions is direct mixing technique. 

2.7.4 Direct Mixing: 

This method is a top down approach of the nanocomposite fabrication process and 

involves the breaking of aggregated nanofillers during the mixing process. In this processing 

technique, polymers and nanofillers are generally mixed in two ways. One way is to mix 

polymer with nanofiller above the glass transition temperature of the polymer, generally called 

melt compounding method. The second way is mixing of polymer and nanofiller in solution form 

using solvents, generally called solvent method/solution mixing. 

2.7.4.1.1 Melt compounding:   

This method involves nanofiller addition to the polymer matrix at the glass transition 

temperature. In this process the internal shear stress is induced in the matrix by viscous drag, and 

this shear stress is used to break down the nanofiller aggregates and promotes uniform nanofiller 

dispersion in the polymer matrix. 

Advantages: 

The main advantage of this processing method is that it does not involve any solvents, and hence, 

it is environmentally friendly and economically viable. 

Limitations: 
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The limitation of this processing technique is it is not suitable to produce nanocomposites 

with matrices/ inclusions prone to thermal degradation. 

2.7.4.1.2 Solvent Method:  

This method involves in dispersing nanoparticles in the solvent and dissolving polymer 

matrix in the cosolvent. The resulting nanocomposites are recovered from solvent through 

solvent evaporation or by the solvent coagulation method. In this process the internal shear stress 

induced in the polymer matrix is lower compared to that in the melt compounding method, and 

in order to break down the nanofiller aggregates, nanoparticles are predispersed in the solvent by 

sonication mixing or by a stirrer [67, 68]. 

Advantages: [69, 70, 71] 

1. Allows particle surface modification and reduces particle agglomeration. 

2. Easy and less time consuming process 

3. Needs simple equipment 

4. Allows better dispersion than melt compounding  

Limitations: 

1. Slow solvent evaporation leads to particle reaggregation 

2. Solvent use has several environmental limitations 

3. Highly expensive solvent use restricts commercialization 

The polymer nanocomposites produced by one of the above methods are finally 

processed by conventional manufacturing methods like injection molding, calendaring, casting, 

compression molding, blow molding, rotational molding, extrusion molding, thermoforming, etc 

[72]. 
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 Thermoplastics are specifically processed by three conventional manufacturing methods; 

Injection molding, Extrusion and Blow Molding [73]. 

 

2.7.5 Injection Molding: 

Injection molding is the most commonly used method for producing thermoplastic and 

thermoset plastic products in bulk. This technique is used worldwide in manufacturing domestic 

products to engineering composites. An Injection molding machine basically consists of two 

main parts injection unit and clamping unit. The function of the injection unit is to melt the 

plastic pellets and to feed the hot melt resin into the mold cavity. The function of the clamping 

unit is to clamp the mold halves together tightly, to open and close the mold [74, 75]. 

2.7.5.1.1 Injection Molding Cycle: This is a cyclic process and consists of four steps [76]: 

1. Plasticizing 

2. Injection 

3. Chilling 

4. Ejection 

The plastic pellets are fed through the hopper into the hot barrel, where the plastic pellets 

will soften and eventually melt. The accumulated high viscous hot resin melt is subsequently 

forced/ injected through the hot nozzle into the hot split mold cavity under pressure by the piston 

or screw. The mold is cooled sufficiently and the plastic part is ejected. 
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Figure 13: Schematic representation of injection molding machine [77] 

 

The following are the advantages and disadvantages of injection molding process [74]: 

Advantages: 

1. High production rates 

2. Low labor costs 

3. Wide range of materials can be processed 

4. Design flexibility 

5. Produces patterns with excellent surface finish 

6. Minimum scrap loss 

7. High reproducibility of complex parts within tolerance 

8. High production run 

Limitations: 

1. Not economical for small scale runs 
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2. High initial tool investment and die costs 

Applications: 

The injection molding process is used to manufacture a wide variety of plastic products 

for many industries including aerospace, automotive, medical, electrical, toys, consumer 

products, packaging and construction [78]. 

2.7.6 Blow Molding Process: 

Blow molding is an efficient and very fast process in producing plastic products with 

hollow shapes. In this process the mold is placed around the softened polymer tube and air is 

blown into the tube in such a way that the polymer outside surface is forced into the inside walls 

of the mold and takes the shape of the mold [75]. The plastic part is then cooled and removed 

from the mold. The advantages and disadvantages of blow molding are [72] 

Advantages: 

1. Low tooling costs 

2. Rapid production rates 

3. Ability to process products with complex shapes 

Limitations: Blow molding is limited to produce the products with hollow/ tubular shapes 

2.7.7 Extrusion Process: 

In the extrusion process the plastic pellets are fed through the hopper into the long heated barrel 

where it melts and the hot resin melt is forced continuously through a die opening with the 

desired shape by a rotating screw. Unlike other plastic manufacturing processes, the plastic that 

continuously emerges from the die opening is cooled, solidified and finally cut into the desired 

length [75].  
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The advantages and disadvantages of extrusion are [72] 

Advantages: 

1. Inexpensive tools 

2. Rapid production rates 

3. Products with complex profile shapes are produced 

Limitations: 

1. Parts with uniform cross section cannot be produced 

2. High amount of scrap production 

3. Not suitable for high production runs 

In all the above conventional polymer processing methods, nanocomposite pellets are 

heated to a very high temperature (above  ), which is a favorable condition to break down the 

nanoparticle aggregates. Nanoparticles are uniformly distributed when nanocomposites are 

processed at high temperatures, because at high temperatures viscosity and shear are reduced 

breaking nanoparticle aggregates very easily and making nanocomposites more uniform and 

stabilized [80]. 

 

2.8 Physical Properties of Polymers: 

2.8.1 Electrical Properties of polymers: 

Polymers are very good insulators of electricity, they resist the flow of current. This 

property makes polymers as insulating materials in many electronic applications such as wire 

coatings, switches and other electronic products. Electrical conduction in the material is 

concerned with the movement of charged particles in the material. There will be flow of current 
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in the materials only when the charge carriers are free to move upon the application of voltage. 

In the metals, the atomic nuclei consists of free electrons, and upon the application of potential 

difference, the electrons move freely and there will be flow of current making them good 

electrical conductors, but the polymers consists of atoms with electrons that are covalently 

bonded to the central long polymer chain and side groups. Covalent bond is the strongest bond in 

nature which makes electron movement very difficult thus making polymers act as insulators. 

Dielectric Properties: 

 The dielectric constant of polymers is lower compared to other materials and it mainly 

depends on the polymer’s structure. Dielectric materials have the capability to store the electric 

charge and they can be in the form of solid, liquid and gas. Dielectric constant is defined as the 

ratio of capacitance induced by two metallic plates (conductor plates) with an insulating material 

sandwiched between them and the capacitance of same conductor plates without the insulating 

material between them i.e. with vacuum between them. It is denoted by εr and is given by the 

equation: 

εr  =  εs / εo 

 

 

The dielectric constant of materials is mainly due to polarizability of the dielectric 

material. The relationship between the dielectric constant  and the molecular polarizability 

 is given by the following equation: 

 

 

Where 



43 

 

  is the concentration of molecules and  is the permittivity of free space.  

 Therefore, from the above equation, increasing the material molecular polarizability can 

increase the dielectric constant of the material. When dielectric material is placed in an external 

field the atoms/ molecules undergo polarization and the dielectric materials are polarized [81, 

82]. 

Depending on the type of behavior to the applied voltage and the polymer structure there 

are of two types of polymers:  

 Polar plastics and 

 Nonpolar plastics.  

Polar Plastics: Polar plastics usually have polar covalent bond and permanent dipole moment. 

The permanent dipole moment in polar plastics is due to the different electro negativity atoms. In 

polar plastics the atoms seldom share the bonding electrons equally and this occurs when one 

atom has greater affinity to electrons than the other, and develops partial negative and positive 

charges, developing partial electric charge called as dipole. When electrical field is applied all 

the dipoles in the polar plastics align themselves in the direction of applied electric filed, thus 

creating dipole polarization of the material as shown in the Figure 14. The molecular 

polarizability in polar plastics is due to electronic polarization, atomic polarization and 

orientation polarization. PMMA, PVC, PA and PC are good examples of polar plastics. 
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Figure14: Orientation of polar molecules without electric field and with electric field [83] 

Non Polar Plastics: Non polar plastics have a non polar covalent bond. In non polar plastics the 

atoms or molecules have equal electronegativity, i.e. the atoms equally share the bonding 

electrons between them. This type of bond is usually formed whenever the atoms of same 

element bond together. Non polar plastics have induced dipole moment in them and this occurs 

when the molecules are placed in an external electric field. Therefore, the non polar plastics do 

not have polar dipoles, but upon application of electric field the electrons slightly move in the 

direction of applied electric field and create electric polarization of the material. Several 

fluoropolymers like PTFE, PE, PP, PS are good examples of non polar plastics. 

 

Figure15: Orientation of non polar molecules without electric field and with electric field  

 

The relative permittivities of polymers depend on the many factors and they are listed as below: 
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 Applied Frequency  

 Temperature 

 Moisture 

 Molecular structure and composition of polymer 

 Additives and Fillers  

 Voids , air gaps, impurities etc 

For efficient use in electric and electronic applications, dielectric materials should have 

constant relative permittivites over a wide range of temperatures, frequencies and humidity’s. 

Non polar plastics are preferred more for electrical insulations because they absorb less moisture 

and are less sensitive to temperature and frequency changes compared to polar plastics [84]. 

2.8.2 Thermal Properties of Polymers:  

Thermal conductivity of a polymer material is defined as the quantity of heat transmitted 

through a material in a given time, in the direction normal to the surface of unit area, due to the 

temperature gradient under steady conditions. It is the measure of a substances ability to transfer 

heat by conduction and for isotropic materials and is given by the formula: 

 
 

Where 

 q is heat flux which is defined as the rate of heat transfer per unit cross sectional area  

 X is the thickness of the material 

 dT/dX is the temperature gradient per unit length which is defined as the rate of change 

of temperature with displacement in a given direction from a given reference point 
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 A is the cross sectional area of the sample 

 k is the proportionality constant which is the thermal conductivity of a given material 

Units: 

The unit of thermal conductivity in the SI system is W/ (mK), CGS system is 

cms ), English system is Btu in/ ( h  ) and the unit of het flux in SI system is W/ ( ), 

CGS system is cal/ ( s) and English system is Btu/ (  h). 

Polymers are good thermal insulators; they have very low intrinsic thermal conductivity 

value when compared to metals and ceramics. Certain applications such as electronic packaging, 

semiconductor industry, satellite devices, aircraft structural components, etc. require good heat 

dissipation, low thermal expansion and light weight. For these applications polymers can be 

reinforced with inorganic/organic fillers with high thermal conductivity for producing more 

advanced polymer composites with high thermal conductivity for these applications. 

 In polymers, heat is conducted by the interactions of thermal vibrations of molecules and 

atoms. Thermal energy can be easily transmitted down the covalently bonded polymer backbone 

compared from one chain to another across the vander Waals bonds. Thermal conductivity of 

polymers depends on many factors such as temperature, pressure, density of the material, 

orientation of chain segments, degree of crystallinity, crystal structure, etc [82, 85]. Heat energy 

can be transferred more efficiently along the polymer chains (molecules) than across the chains, 

therefore, crystalline polymers with highly ordered chain segments and high density have high 

thermal conductivity compared to amorphous polymers.  
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2.8.3 Surface Properties of Polymers: 

Contact Angle: 

Surface wettability of solids is an important factor for many practical applications like 

biological applications and industrial applications. The contact angle between liquid/vapor and 

solid surface is the angle measured between the outline tangent of a liquid/ vapor drop deposited 

on the solid and the solid surface. It is the quantitative measure of wetting a solid surface by the 

liquid [86]. Surfaces with high contact angles have special features such as self-cleaning, anti-

contamination and anti- sticking. 

 Hydrophilic and hydrophobic properties of polymers surfaces are determined by the 

contact angle between the water droplet and the polymer surface [88]. The wettability of solid 

surface is expressed by the contact angle of a water droplet and is given by Young’s equation.  

 

 

Where   

 are the interfacial surface tensions with solid(S), liquid (L), gas (V).  

 

From Young’s equation, Young’s angle is a result of thermodynamic equilibrium of free 

energy at solid, liquid, vapor interphase. 
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Figure 16: Water contact angle with the solid surface 

Polymer surfaces with the contact angle less than  are considered as hydrophilic and 

surfaces with contact angle greater than are considered as hydrophobic surfaces. Polymer 

surfaces with contact angle between  and  are considered as super hydrophobic. 

  

The contact angle between water droplet and polymer surface depends on several factors 

such as  

 Surface roughness 

 Surface cleanliness 

 Surface energy and  

 Surface separation manner  

The contact angle between water droplet and polymer surface increases with decrease in the 

surface energy and with increase in the surface roughness. Therefore, the solids with low surface energy 

and high surface roughness have large contact angles and are called superhydrophobic surfaces. The 

relationship between contact angle and surface roughness is given by the following equation: 

 

Where  

 is Young’s angle,  is apparent angle, r is roughness factor 

http://en.wikipedia.org/wiki/File:Contact_angle.svg
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The contact angle measurement determines the following properties listed below: 

1. It determines the affinity of a liquid to the solid surface 

2. Since the contact angle depends on the solid surface energy, the surface energy of the 

solid can be calculated from the measured contact angle 

3. The hysteresis measure between advancing angle and recessing angle determines non- 

homogeneity of the solid surface such as impurities, surface roughness, etc. 

2.8.4 Mechanical Properties: 

Thermoplastic materials respond to applied stress by two mechanisms namely viscous 

flow and elastic deformation. Viscous flow dissipates the applied mechanical energy in the form 

of frictional heat and results in permanent deformation of the thermoplastic material. Elastic 

deformation stores the applied mechanical energy and recovers the material deformation. The 

magnitude of stress or strain determines the material response to the applied mechanical energy 

when material is elastically deformed. 

 The tensile stress strain curve determines the mechanical behavior of the thermoplastic 

material by measuring the elongation continuously, as the material is stretched continuously with 

increase in stress.  

 

2.9 Classification of Nanocomposites based on the type of nano reinforcement material: 

Polymer matrices can be reinforced with different types of nanomaterials for property 

enhancement, and according to the type of nano reinforcement PMN’s are classified into three 

types and they are [10]: 

1. Nanoparticle- reinforced PMN’s 

2. Nanoplatelet- reinforced PMN’s 
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3. Nanofiber- reinforced PMN’s 

2.9.1 Nanoparticle-reinforced PMN’s:  

 This type of PMN’s are reinforced with different nanoparticles such as silica, metal, 

organic and inorganic particles as reinforcement materials. Nanoparticle addition to the host 

matrix material has proven to increase the physical and mechanical properties of the matrix 

material.  

2.9.2 Nanoplatelet- reinforced PMN’s:  

 These types of nanocomposites have layered materials like graphite, silica and clay as 

reinforcement materials. Reinforcing the polymer matrix with layered nanomaterials converts its 

properties to a desirable quality. Graphite, clay and silica are the most commonly used 

nanoplatelet materials. These layered nanomaterials can tailor the matrix properties more 

efficiently when the layers are separated and dispersed individually through the polymer matrix. 

Compared to clay nanoplatelets, graphene nanoplatelets have superior properties and are 

expected to enhance the polymer material to a greater value than any other nanomaterial. 

2.9.3 Nanofiber-reinforced PMN’s: Vapor grown carbon nanofibres are used reinforcement 

material in nanofiber- reinforced PMN’s. They have varied structures that resemble a bamboo-

like structure, cup stacked structures or conical shells. Carbon nanotubes both SWCNT and 

MWCNT are the common nanofibres, with superior properties used in many applications.  

 As discussed in Chapter 2, properties of nanomaterials, both the nanomaterials with asymmetric 

shape and with high aspect ratio, have superior properties compared to other types of 

nanomaterials. These materials can enhance polymer properties more efficiently when compared 

to other types of nanomaterials.  
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2.10 Carbon: 

 Carbon is the basis for organic chemistry and is the prime matter for life. It has 4 valence 

electrons with equal energies which contribute to carbon bonding flexibility, and as a result, 

carbon based systems can form a wide variety of structures with an equally wide variety of 

physical properties. Fullerenes, carbon nanotubes, graphene and diamond are the four main 

allotropes of carbon. Allotropes are defined as the compounds that exist with different chemical 

structure forms. The specific type of allotrope with different structures such as 0D,1D, 2D, 3D 

are formed depending on the specific type of hybridization of carbon and its bonding with the 

surrounding atoms.  

2.10.1Fullerenes:  

 Fullerenes are a zero dimensional form of carbon, and the carbon atoms are arranged 

spherically. 

2.10.2Carbon Nanotubes:  

 Carbon nanotubes are a two dimensional allotrope of carbon. They are extended tubes of 

graphene sheets with a diameter ranging from several micrometers down to a few nanometers. 

Carbon nanotubes can exist as single walled carbon nanotubes (formed by rolling single layer of 

graphene sheet into the cylindrical form) or multi walled carbon nanotubes. They are 

mechanically strong, have excellent physical properties, are flexible about their axis and 

potentially conduct well both as a metal and as a semiconductor. As they possess excellent 

properties, they provide a stable foundation and are applied in wide variety of fields. 

2.10.3 Diamond:  

 Diamond is three dimensional allotrope of carbon, and is  bonded. It forms four 

covalent bonds with the neighboring carbon atoms tetrahedrally. The three dimensional network 
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of atoms and covalent bonds contribute high strength, high thermal conductivity and a 

exceptionally high Young’s modulus. 

 

 

 

 

 

 

 

 

Figure 17: Molecular structure of diamond a 3D allotrope of carbon 

 

2.10.4 Graphite:  

Graphite is a three dimensional allotrope of carbon. It is a layered material and is made of 

stacks of graphene sheets separated by 0.3nm. The stacks of graphene layers are held together by 

a weak vander waals force and the carbon atoms in individual graphene sheets are covalently  

bonded with each other. Upon application of sufficient force, the graphene layers slide upon each 

other. This feature contributes to the graphite lubricating properties. The original graphite flakes 

have a thickness of 0.4-60 µm and expands up to a length of 2- 20,000 µms. When these 

graphene sheets are separated down to 1 nm, they will have high aspect ratio of 200-1500 and 

high modulus of E≈1 TPa, ultimate strength of ∼130 GPa, thermal conductivity of 5000 

W/ (  K) and room temperature charge-carrier mobility of μ ≈ 10000  . A single 2D 

graphene sheet has a hexagonal honey comb structure. Each carbon atom in a graphene sheet 
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forms 3 σ bonds with its nearest carbon atoms. Graphene sheets have an enormous surface area 

of 2630 /g, considering both sides of the sheet are accessible by the polymer chains. 

Therefore, proper and uniform dispersion of graphene sheets in the polymer matrix will enhance 

the physical and mechanical properties effectively. Graphene is the building block of other 

graphitic carbon allotropes with different dimensional structures. For example graphite a 3D 

allotrope of carbon is formed by stacking multiple garphene sheets on top of each other separated 

by a distance of 3.37A °. Rolling and slicing the single layer of graphene sheet form CNT’s, a 

2D allotrope of carbon. Wrapping up a single layer of graphene sheet forms Fullerenes, a 0D 

allotrope of carbon. A single layer of graphene sheet is first isolated/ exfoliated from graphite in 

2004 by the mechanical cleavage method. 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Four different graphitic carbon allotropes namely graphene, graphite, CNT, fullerene 

[88] 
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Individual graphene sheets can be separated from graphite by two approaches [88]: 

1. Top down approach:  

 In this method graphene can be derived directly from naturally occurring graphite 

through two top down methods such as mechanical cleavage and liquid-phase exfoliation. The 

main advantage of these two top down methods is that graphene can be produced in bulk and 

they are very suitable for large scale productions required for polymer nanocomposite 

applications. The main limitation of these methods is that they use surfactants and their removal 

is difficult. 

2. Bottom Up Approach:  

 Large size defect free graphene sheets can be produced by various bottom up approach 

methods such as chemical vapor deposition, epitaxial graphitization or arc discharge. The 

advantages and disadvantages of various top down methods and properties of graphene produced 

directly from graphite by various top down methods are discussed in the following table. 

The most common lightweight carbon based conductive fillers that are used to improve 

thermal and electrical properties of polymers are CNT, vapor grown carbon fibers, carbon black, 

carbon fibers and graphite nanoplatelets. Among all these carbon based conductive fillers, 

graphene has exceptionally the most superior mechanical and physical properties, which is 

relatively inexpensive. Exfoliated graphite nanoplatelets are a good alternative to both clays and 

carbon nanotubes, since they combine the lower price of clays and properties of CNT’s are 

expected to display exceptional competitive functional properties 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

 

3.1 Materials: 

In this study, recycled HDPE pellets were obtained from National Plastics Color, Inc 

Wichita, Kansas, Graphene nanoplatelets with approximate average X ,Y dimensions equal to 

 and Z dimension less than 10nm were purchased from Angstron Materials, Non polar 

solvent Toluene with excellent solvency and evaporation was purchased from Williams Ace 

Hardware, Wichita, Kansas. 

 

 

 

 

 

Figure 19: NonPolar solvent Toluene, Graphene  



56 

 

3.2 Polymer Nanocomposite Processing: 

The technique discussed in polymer nanocomposite processing (chapter 2.7), polymer 

nanocomposites can be fabricated using any one of the processing methods such as Intercalation 

method, In Situ Polymerization method, Sol Gel method or direct mixing followed by any one of 

the conventional polymer manufacturing techniques such as Injection molding, Blow molding or 

Extrusion process. In this study recycled HDPE graphene nanocomposites are prepared using the 

direct mixing process and Injection molding. The direct mixing process used in this study is 

Solvent method, and it mainly consists of 3 steps: 

 Sonication mixing of graphene in the solvent 

 Dissolving HDPE in the cosolvent and simultaneously mixing it with graphene 

 Recovering the polymer nanocomposites from solvent and pelletizing them 

3.2.1 Solvent Method: 

Solvent method primarily employs a solvent to dissolve the polymer and to disperse 

nanoparticles uniformly in the polymer matrix. HDPE is a non polar plastic with excellent 

chemical resistance, and because of its crystalline nature it does not dissolve readily at room 

temperature. Aromatic hydrocarbons such as Toluene, Xylene or chlorinated solvents such as 

Trichloroethane, Trichlorobenzene with high boiling points can dissolve HDPE at elevated 

temperatures ).  For this study toluene is used to dissolve recycled HDPE pellets and 

HDPE is mixed with solvent in the proportion of 15:85/ (3:17). Table 2 gives the information of 

the amount of toluene added to recycled HDPE pellets for different graphene concentrations: 
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PMN's with different 

wt% of graphene 

 
Polymer 

concentration  
(g) 

 

 
Toluene 

concentration  
(g) 

0 20 113.33 

0.25 19.95 113.05 

0.50 19.9 112.77 

1 19.8 112.2 

2 19.6 110.66 

4 19.2 108.8 

8 18.4 104.27 

 

Table 2: Weight of toluene added to HDPE pellets for different graphene concentrations 

 

Graphene is mixed in different weight proportions with the recycled HDPE pellets and 

the total weight of the batch should be maintained to be 20gms for all the samples, but the weight 

of graphene and HDPE are varied. Toluene is highly volatile in nature and evaporates very 

quickly at room temperature. The weight of toluene is not included in the final sample batch. 

Table 3 gives the information of amount of polymer and graphene used in the preparation of 

PMN’s: 
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PMN's with different 
wt% of graphene 

 
Polymer 

concentration 
(g) 

 

Graphene 
concentration  

(g) 
 

0 20 0 

0.25 19.95 0.05 

0.50 19.90 0.10 

1 19.80 0.20 

2 19.60 0.40 

4 19.20 0.80 

8 18.40 1.60 

 

Table 3: Weight of recycled HDPE pellets, graphene  used in the preparation of PMN samples 

 

 

 

 

Figure 20: Recycled HDPE pellets, graphene used in the preparation PMN samples 
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3.2.2 Sonication Mixing: 

 During the first phase of this study the required amount of graphene was measured and 

added to toluene. In the second phase the glass bottle with the toluene graphene mixture was 

sonicated for 30mins in an ultrasonic bath. The sonication mixing is done to break the 

nanoparticle agglomerates and to ensure uniform dispersion of graphene nanoplatelets in the 

solvent. During sonication mixing the mixture in the bottle was exposed to ultrasonic sound of 

frequency 20 KHz, the sound waves propogate in to the liquid inducing shear stress in the 

mixture, which will reduce the attracting forces between the individual nanoparticles. This 

process avoids the formation of nanoparticle agglomerates. After sonication mixing, required 

amount of polymer (recycled HDPE pellets) was added to the mixture of graphene, toluene and 

then placed on a hot plate. The mixture was heated to   and continuously stirred at 100 rpm 

with the help of a magnetic stirrer. During the solution mixing process the polymer dissolves 

slowly and completely in the solvent and simultaneously mixed with the graphene nanoplatelets, 

this ensures uniform dispersion of graphene nanoplatelets in the polymer matrix. 

 

  

Figure 21: Sonication mixing, solution mixing of graphene, HDPE and toluene mixture. 
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After the complete dissolution of the polymer in the solvent, the bottle is removed from 

hot plate and the thick PMN paste is poured into a glass beaker. 

 

 

 

 

 

 

 

 

Figure 22: Graphene, HDPE and toluene paste 

The resulting polymer nanocomposite paste was then chopped into small pellets and dried 

at room temperature for 12hrs for solvent evaporation. During the solvent evaporation process 

the solvent completely evaporates leaving HDPE graphene mixture. The dried polymer 

nanocomposite pellets are weighed to justify the complete evaporation of solvent and the weight 

of the finally processed polymer nanocomosite pellets is found to be approximately 20gms 

(weight of graphene + weight of polymer).  

 

 

 

 

 

 



61 

 

 

 

 

 

 

 

 

Figure 23: Cutting the PMN thick paste into small pellets, drying pellets in the fume hood 

 

3.2.3 Injection Molding: 

The PMN pellets are then manufactured by injection molding into dog bone shape 

specimens using Morgan Press Injection Molding Machine. An injection mold body was 

designed for this purpose using CATIA V5 R18, and is manufactured on CNC machine. The 

dimensions of the dog bone shape specimens are in accordance with ASTM tensile testing 

standards. The following are the 2D drawings, 3D models and pictures of injection mold with 

dog bone shape design.  
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2D drawings of Cope and Drag: 
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Figure 24: 2D diagrams of cope and drag 
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3D models of Drag and Cope: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: 3D models of drag and cope 
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Figure 26: Injection mold 

 

 

3.2.3.1.1 Injection molding Cycle: 

The Morgan Press Injection Molding Machine mainly consists of two parts, injection unit 

and the clamping unit. The machine uses compressed air (pneumatic power) to inject the molten 

plastic material and for clamping mold halves together, it uses electric power to heat the barrel, 

nozzle and mold. The PMN pellets are fed though hopper into the hot barrel, where they soften 

and eventually melt, the hot accumulated resin melt in the barrel was injected continuously 

through hot nozzle into the hot injection mold for 10mins. After injecting the resin melt into the 
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mold, the pressure is released and the electric power supply is turned off, the mold then was 

cooled sufficiently and the dog bone shape plastic specimen is ejected from the injection mold.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27: Morgan Press Injection Molding Machine, PMN dog bone shape specimen. 

 

 

The processing parameters used for injection molding the PMN pellets are summarized in 

the Table 4: 
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Barrel temperature 
 

Nozzel temperature 
 

Mold temperature 
 

Injection pressure 4000psi 

Clamp pressure 10 Tons 

Holding time 10 mins 

 

Table 4: Injection molding cycle parameters 

 

Since all the materials (toluene, graphene nanoplatelets) used in this study are highly 

toxic and extremely dangerous to health, essential precautionary measures were taken during the 

preparation of PMN samples, during conduction of the experiment and during testing. The 

complete experimental procedure was carried out in the fume hood and during injection molding 

process the machine openings are covered completely with vacuum vent. 

 

3.3 SEM Characterization of PMN samples: 

Morphological characterization of recycled HDPE graphene nanocomposite samples is 

done using Scanning Electron Microscope (JEOL Model JSM 6460LV). The microstructures of 

PMN samples as function of graphene concentrations are examined to study the type of 

distribution and dispersion of graphene nanoplatelets in the polymer matrix. The type of 

distribution and dispersion of graphene nanoplatelets in the host matrix material is very 

important factor affecting the properties of polymer matrix material. 
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Before characterizing the nanocomposite samples using a SEM technique, the samples 

are washed properly with deionized water, ethanol and are dried completely. The samples are 

broken using liquid nitrogen, and the fractured surfaces facing top are placed on sample holders 

and are coated with gold to about 0.2 to 0.3nm thickness using plasma coating technique. 

Coating the nonconductive samples with gold makes them conductive and allows SEM to 

capture very good and clear morphology images. The samples are then placed into evacuated 

scanning electron microscope chamber. A highly focused electron beam with 15kv from electron 

gun strikes the fractured surface and generates secondary electrons. These secondary electrons 

originate from the top 5-15nm of the sample surface. An SEM form images by detecting the 

ejected secondary electrons and displays the morphology images of samples on CRT screen. 

These morphology images are examined and studied for distribution and dispersion of graphene 

nanoplatelets in the polymer matrix. 

The following SEM images show morphology of samples as function of graphene 

concentrations in the polymer matrix. 

 

 

Figure 28: SEM image of recycled HDPE sample with 0wt% of graphene 
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Figure 29: SEM image of recycled HDPE graphene nanocomposite sample with 0.25wt% 

of graphene 

 

 

 

Figure 30: SEM image of recycled HDPE graphene nanocomposite sample with 0.5wt% of 

graphene 
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Figure 31: SEM image of recycled HDPE graphene nanocomposite sample with 1wt% of 

graphene 

 

 

 

Figure 32: SEM image of recycled HDPE graphene nanocomposite sample with 2 wt% of 

graphene) 
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Figure 33: SEM image of recycled HDPE graphene nanocomposite sample with 4 wt% of 

graphene 

 

 

 

 

 

 

 

 

 

Figure 34: SEM image of recycled HDPE graphene nanocomposite sample with 8 wt% of 

graphene. 
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The SEM images of PMN samples from 0wt% of graphene to 4wt% of graphene did not 

show the graphene distribution in the polymer matrix clearly. This is because SEM technique 

provides very good morphological images for conductive materials and since HDPE is a 

nonconductive material, the graphene distribution in the polymer matrix is not clearly seen. The 

SEM image, Figure 34, of PMN with 8wt% of graphene clearly showed the distribution of 

graphene in the polymer matrix. This is because with increase in the amount of graphene 

addition in the polymer matrix, the charge carrier concentration increases and the material 

becomes more conductive. From the last SEM image, Figure 34, PMN sample with 8wt% of 

graphene clearly has exfoliated microstructure, therefore solvent evaporation method assisted by 

sonication mixing distributes individual graphene sheets uniformly in the polymer matrix. 

 

3.4 Properties of PMN’s:  

The main goal of this study is to improve physical and mechanical properties of recycled 

HDPE thermoplastics by adding graphene nanoplatelets to the recycled HDPE polymer. 

Therefore recycled HDPE graphene nanocomposite samples are tested and evaluated for the 

improvement in physical and mechanical properties. 

3.4.1 Dielectric constant Measurement: 

Polymers with a high dielectric constant are most widely used in capacitors, since they 

increase the storage capacity of the capacitor by neutralizing the electrode charges. In this study, 

the dielectric constant of recycled HDPE polymer nanocomposite samples as function of 

graphene nanoplatelet concentration was found by using a parallel plate capacitor. The simple 

parallel plate capacitor consists of mainly two conductor plates connected to the DC power 

supply and are separated from each other by a dielectric material. As the current flows through 
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the conductor plates, the negative electrode of the DC power attracts the positive charges in the 

conductor plate making it negatively charged. The other conductor plate, the positive electrode 

of the DC power attracts negative charges in the conductor plate making it positively charged. As 

the conductor plates get charged, a potential difference is created across the plates. Due to this 

potential difference the dipoles in the dielectric material align themselves along the direction of 

electric field creating an electric field in the dielectric material. This is called ―molecular 

dipolarizability‖. The electric field in the dielectric material is equal and opposite to the electric 

field in the capacitor plates and reduces the electric field in the capacitor thus increasing the 

capacitance of the capacitor. A Capacitance Bridge can measure the capacitance of the parallel 

plate capacitor. 

 

The following figure gives the schematic representation of dielectric constant 

measurement using ASTM D 150 test 

 

 

 

 

 

 

 

Figure 35: Block diagram for measuring dielectric constant of material [92] 
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The capacitance for the parallel plate capacitor with dielectric material is found by the 

equation: 

 

  

 

Where,  

             C is capacitance in Farads 

A is the area of conductor plates 

t is the separations between plates/ thickness of dielectric material 

k is the relative permittivity of the dielectric material 

             is the relative permittivity of free space 

 

In this study to find the dielectric constant of the recycled HDPE graphene PMN’s a 

simple parallel plate capacitor based on ASTM D 150 test was built in our lab. The two 

conductor plates in the parallel plate capacitor are made up of aluminum sheets. The PMN samples 

with different amounts of graphene nanoplatelets are placed in between the aluminum plates and these 

PMN samples will act as dielectric material. To ensure complete vacuum between the aluminum plates 

and the PMN samples, the aluminum plates are held together tightly on their ends by hard, rigid plastic 

clips. Plastic clips are used to hold conductor plates together because polymers are good insulators of 

electricity and there will be no flow of current in these clips, which would otherwise alter the measured 

capacitance value. After the complete set up of parallel plate capacitor the conductor plates are connected 

to capacitance bridge which also serves as DC power supply. As the current flows, the aluminum plate 

connected to positive electrode of capacitance bridge gets negatively charged and the aluminum plate 
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connected to negative electrode of capacitance bridge gets positively charged creating a potential 

difference across the plates. This potential difference polarizes the PMN sample placed in between the 

aluminum plates and improves the storage capacity of the capacitor.  The capacitance of the parallel plate 

capacitor is measured by the capacitance bridge. 

3.4.2 Thermal Conductivity Measurement:   

Thermal conductivity of materials is usually found by two methods [92]: 

 Steady State Methods:  In the steady state condition the properties i.e. temperature of the 

materials measured does not change with time. 

 Transient Methods: In transient state condition the properties of materials i.e. temperature 

of the materials measured changes with time 

In this study the thermal conductivity of recycled HDPE graphene nanocomposites as 

function of graphene concentration was measured using a steady state method. Fourier’s law of 

heat conduction given by the formula below usually finds the thermal conductivity in solids: 

 

Q = -kA  

 

 

Where,  

           Q is the rate of heat flow through the material 

  k is thermal conductivity of material 

  A is the cross sectional area perpendicular to the heat flow 
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dT/dX is the temperature gradient and is defined as the rate of change of temperature 

with   displacement in a given direction from  a reference point 

 

  From the above Fourier’s law of heat conduction equation the thermal conductivity of a 

solid material can be determined from the heat flux ―Q‖ and temperature gradient ". There are 

various types of steady state methods such as a) Axial flow methods, b) Guarded hot plate 

method and c) Hot wire method used to measure the thermal conductivity of solid materials. 

Among all these steady state methods Axial flow comparative cut bar method is the simplest 

method for construction and operation and it is the most widely used method for axial thermal 

conductive testing [93,94]. This method is commonly used to measure the temperature of 

ceramics, metals, and plastics within the temperature range of . Mosses et al and 

Sweet et al at the Sandia National Laboratory (USA) conducted a systematic study about the 

accuracy limits of the measurements by comparative method and confirmed that the accuracy of 

 can be achieved by this method [95,96]. Figure 36 shows the schematic representation of 

the device built in our lab based on Axial flow comparative cut bar method, and the device is 

tested with known samples before the thermal conductivity of PMN samples with various 

amounts of graphene is measured. 
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Figure 36: Schematic representation of the thermal conductive testing device built based upon 

comparative cut bar method 

 

As shown in Figure 36 the thermal conductive testing device built based upon 

comparative cut bar method consists of two copper rods with known thermal conductivity values. 

These copper rods act as reference samples. The PMN samples with various amounts of 

graphene whose thermal conductivity has to be found are sandwiched between the reference 

samples. In order to have maximum heat flow in the axial direction the upper copper rod is 

connected to DC power supply and is heated constantly by means of an electrical coil. The 

bottom copper rod is placed in an ice bath and is cooled constantly by ice. The DC power supply 

is limited to 0.2amp, 20V, and in order to maintain constant temperature of 70  with time 

(steady state condition) throughout the experiment the current is kept constant. A load of 12.5kg 
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is placed on top of the equipment in order to have very good contact between the rods and PMN 

sample with no air gap. To prevent conventional heat losses the lateral cylindrical surfaces of 

copper rod are insulated using glass fiber covered with Teflon tape. The radial heat losses can 

then be prevented by limiting the maximum heating temperature to be . After steady state 

condition is achieved (approximately after 3 hrs) the temperature difference of copper rod and 

PMN samples is measured using a thermocouple. There are various types of thermocouples such 

as K type, T type, J type and N type made of different types of materials. Among all these 

thermocouples K type thermocouple made of Ni-Cr/ Ni-Al is inexpensive, and measures the 

temperature in the range of  .  Therefore in this study K type of thermocouple 

is used to measure the temperature difference. Two thermocouples (1, 2) are placed just above 

and below the sample surface. The other two thermocouples (3, 4) are placed on the copper rod 

at 13.7mm with reference to the sample top surface and are 6.8mm apart. The 1, 2 thermocouples 

measures the temperature difference of sample and 3, 4 thermocouples measures the temperature 

difference of copper rod. Figure 37 shows the equipment used to measure the thermal 

conductivity in the lab. 
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Figure 37: Equipment used to measure the thermal conductivity of PMN sample 

 

  The principle of thermal conductivity measurement in the comparative cut bar steady 

state method lies in passing the heat flux through the reference sample and PMN sample first, 

and then by comparing the measured thermal gradients of reference sample and PMN sample. A 

multimeter is used to display the measured temperature difference of copper rods and the PMN 

sample.  

  

  The thermal conductivity of PMN sample in the comparative cut bar steady state method 

can be found by the following equation: 
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The cross sectional area of the PMN sample and the copper rod are equal. The heat flux 

in the sample and copper rod are also assumed to be same, making the two terms (cross-sectional 

area and heat flux) on both sides of the equation cancels out. Therefore the thermal conductivity 

of PMN samples is found by the following equation: 

 

=  

Where, 

             is the thermal conductivity of the PMN sample 

   is the temperature difference of the sample 

             is the distance between the thermocouples across the sample surface = ―3.136mm‖ 

                  is the distance between the thermocouples on the copper rod = ―6.80mm‖ 

             is the thermal conductivity of the copper which is 401 Wm-1K-1 

               is the temperature difference of the copper rod 

 
 

3.4.3 Contact Angle measurement: 

The contact angle of PMN samples as function of graphene concentration was measured 

in our lab using ―Optical Contact Angle Goniometer‖ purchased from KSV Instruments Ltd with 

Model# CAM 100. The optical contact angle goniometer is a compact video based instrument, 
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which measures contact angles between 1 to 180  with an accuracy of 1 . Computer software 

provided by KSV Instruments Ltd precisely records and measures the contact angles, and it also 

takes the pictures of the measured contact angle. Figure 38 shows the optical contact angle 

goniometer used in our lab to measure the contact angle of PMN samples. 

 

 

 

 

 

 

 

 

 

 

 

Figure 38: Optical Contact Angle Goniometer 

 

In the first step of contact angle measurement, the PMN samples whose contact angle has 

to be measured are washed properly with deionized water, cleaned with ethanol and is then dried 

sufficiently for a couple of hours under vacuum. Since the presence of surface impurities will 

affect the contact angle and there will be an error in the measured value, the PMN surface is 

thoroughly cleaned to ensure accurate measurements. In the second stage, the PMN sample is 

placed in front of the goniometer camera and a nano pure water drop is made to fall on the 
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sample surface with the help of a syringe needle. Immediately the goniometer records and 

measures the water contact angle with the PMN surface. 

3.4.4 Mechanical Properties: 

The PMN dog bone shaped samples as function of graphene concentrations are tested for 

mechanical properties such as tensile modulus. The uniaxial tensile testing of dog bone shaped 

samples is done using a MTS 810 Material Test System with the capacity +/- 220 to 22000 lbf. 

The machine is connected to the computer for data acquisition, and MTS Test work 4 software is 

used to set the tensile testing parameters. The testing is done at the speed of 1 in/min with a data 

acquisition rate of 10Hz and the load extension curve at the moment of rupture is recorded. This 

low testing speed resulted in sufficient data points to visualize the behavior of PMN samples as 

function of graphene concentrations. The specimen is placed between the  grips and the grips are 

tightened evenly and firmly using 50psi grip pressure. An extensometer of the type MTS Model: 

632.02E-20 with gage length 0.02in is attached to the specimen to measure the strain. The 

materials tensile modulus is recorded automatically from the slope of linear portion of stress-

strain curve by the computer. Figure 39 shows the schematic representation of tensile testing of 

PMN samples using MTS 810 Material Test System of capacity +/- 220 to 22000 lbf. 
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Figure 39: Uniaxial tensile testing of PMN sample using MTS 810 Material Test System 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

Physical Properties of PMN’s as function of Graphene Nanoplatelet concentration: 

4.1.1 Dielectric constant: 

 Table 5 gives the measured average capacitance values of the parallel plate capacitor with 

PMN samples as dielectric material:  

 

PMN samples with 
different wt% of 

graphene 

Average 
capacitance value 

in Picofarads 

0 0.191 

0.25 0.192 

0.50 0.193 

1 0.195 

2 0.209 

4 0.236 

8 0.269 

 

Table 5: Average capacitance values of parallel plate capacitor at 1 KHz with PMN samples as 

the dielectric material  

 

The relative permittivity of the dielectric material can be calculated from the measured 

capacitance values of the parallel plate capacitor using the equation: 
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k   = CA/ εot 

Where, 

            C is capacitance in Farads 

            A is the area of the overlapping plates (Al plates) =   

            k  is the relative permittivity of dielectric material  

            εo is the permittivity of free space equal to  F/m 

            t is the separation of plates or thickness of the sample = 3.136mm 

 

Table 6 gives the average dielectric constant values of PMN’s as function of graphene 

concentration calculated from the average capacitance values of the parallel plate capacitor. 

 

PMN samples with 
different wt% of 

graphene 

Average 
dielectric constant 

of  PMN's 
k 

0 2.52 

0.25 2.53 

0.50 2.55 

1 2.58 

2 2.77 

4 3.12 

8 3.56 

 

Table 6: Average dielectric constant values of PMN’s as function of graphene concentration 
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Table 7 gives the information of overall percentage improvement in dielectric constant of PMN's 

as function of graphene concentration: 

 

 

Table 7: Percentage improvement in dielectric constant of PMN’s as function of graphene 
concentration 

 

 

 

 

 

 

 
PMN samples with 

different wt% of 
graphene 

 

 
Average 

dielectric constant 
of PMN's 

 k 

 
Percentage increase 

in 
dielectric constant of 

PMN's 

 
Overall percentage 

increase 
in 

dielectric constant of 
PMN's 

0 2.52 0 0 

0.25 2.53 0.39 0.39 

0.50 2.55 0.79 1.18 

1 2.58 1.176 2.356 

2 2.77 7.364 9.72 

4 3.12 12.635 22.355 

8 3.56 14.1 36.455 
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Figure 40: Dielectric constant of PMN’s as function of graphene concentration 

 

 

Figure 41: Overall percentage increase in the dielectric constant of PMN samples as function of 

graphene concentration 
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In this study relative permittivity of PMN samples is measured based on assumptions 

such as uniform thickness of PMN sample without any voids and uniform dispersion of graphene 

nanoplatelets in the polymer matrix. Since non polar molecules (HDPE) are less sensitive to 

temperature and frequency changes, the relative permittivity of the PMN sample is found at 

constant frequency (1KHz) and at constant temperature (room temperature). The dielectric 

constants of PMN’s are found as a function of graphene nanoplatelet inclusions. As we can see 

from the Figures 40 and 41, the dielectric constant of PMN samples did not increase much with 

the increase in the amount of graphene nanoplatelet addition. The overall percentage 

improvement in the dielectric constant value is only 36%. Actually the relative permittivity of 

the dielectric material has to be increased with the increase in graphene nanoplatelet 

concentration. The amount of charge carrier concentration in the polymer gets increased with the 

increase in the amount of graphene, and with the increase in the polymer matrix the molecular 

polarizability of the polymer will be increased. But here in this study, the relative permittivity 

did not show much increase with increase in the amount of graphene addition into the polymer. 

This is because the amount of polymer molecular polarizability apart from charge carrier 

concentration also depends on the polymer molecular structure. In non polar plastics(HDPE), the 

electron cloud is tightly bound to the neutron and upon the application of electric field the 

electron cloud moves in the direction of electric field but with in the vicinity. Therefore non 

polar plastics have induced dipole movement. They do not have permanent dipole movement as 

polar plastics thus the amount of molecular polarizability in non polar plastics is less compared 

to polar plastics. Due to this reason the dielectric constant value of PMN samples showed a very 

little increase with increase in graphene concentration in the polymer matrix. 
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Statistical Analysis of Data: 
 

Statistical analysis of experimental data was completed using Anova Single factor test. 

From the test the P value of data was found to be 0.025689 and F value of data was found to be 

0.008264. Calculated F value is compared with  value in statistical tables for =0.05. 

From statistical tables =2.69 is greater than the calculated F value. Since F (0.008264) < 

 (2.69) and P value is less than level of significance =0.05 we can statistically 

interpretate that the experimental data is correct and there is significant increase in the dielectric 

constant of PMN’s with the increase in graphene concentration. 

4.1.2 Thermal Conductivity: 

Table 8 gives the measured average temperature difference of copper rod and the PMN 

samples as function of graphene nanoplatelet concentration at constant temperature( ) and at 

steady state condition. 
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PMN samples with 

different wt% of graphene 

 

(Average temperature 
difference of copper rod in mv) 

 

(Average temperature difference 
of PMN samples in mv) 

0 2 300.80 

0.5 2 203.88 

1 1.9 149.98 

2 1.9 118.74 

4 1.9 77.96 

8 1.9 64.20 

 

Table 8: Average temperature difference values of copper rod and PMN’s as function of 

graphene concentrations 

 

  Multimeter measures and displays the temperature difference of copper rods and PMN 

sample in millivolts. This current has to be converted into standard units of temperature either 

into  . The conversion of temperature difference from millivolts into   is done 

by calibrating the thermocouples and is found to be 1mv equal to 5.46 . Table 9 gives the 

calculated thermal conductivity of PMN samples as function of graphene nanoplatelet 

concentration at 70 .   The thermal conductivity of PMN samples as function of graphene 

concentration is found by the following equation: 
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Table 9: Average thermal conductivity of PMN’s as function of graphene concentration 

measured at 70   
 
 
Table 10 gives the information of overall improvement in thermal conductivity of PMN samples 

as function of grapheme concentration: 
 

PMN samples with 
different wt% of 

graphene 

Average 
thermal 

conductivity 
of PMN's  

K 

Percentage 
increase in 

thermal 
conductivity of 

PMN's 

Overall percentage 
increase in thermal 

conductivity of 
PMN's 

0 1.230321 0 0 

0.50 1.814144 47.4529005 47.4529005 

1 2.3429 29.1463081 76.59920862 

2 2.961293 26.3943403 102.993549 

4 4.271603 44.2479012 147.2414501 

8 4.60898 7.89813566 155.1395858 

 
Table 10: Percentage improvement in thermal conductivity of PMN’s as function of graphene 

concentration 

PMN samples 
with different 

wt% of graphene 

Average 
 thermal conductivity of PMN 

samples K (W/mK) 

0 1.230321 

0.50 1.814144 

1 2.3429 

2 2.961293 

4 4.271603 

8 4.60898 
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Figure 42: Thermal conductivity of PMN samples as function of graphene concentartion 
 
 
 

 

 

Figure 43: Overall percentage increase in thermal conductivity of PMN samples as function of 

graphene concentartion 
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 In this study thermal conductivity of PMN samples is measured based on assumptions 

such as uniform thickness of PMN sample without any voids, uniform dispersion of graphene 

nanoplatelets in the polymer matrix, no conventional and radial heat losses from the copper rods 

and PMN sample and constant room temperature . From the Figures 42 and 43, we see that there 

is continuous increase in the thermal conductivity value of PMN with increase in the amount of 

graphene nanoplatelet concentration in the polymer matrix. When compared with 0wt% of 

graphene addition, 8wt% of graphene addition in to the polymer increased the total thermal 

conductivity value by155%. This high improvement in thermal conductivity value of PMN’s is 

mainly due to the high thermal conductivity of graphene. The individual, suspended graphene 

nanoplatelet at room temperature has  a high thermal conductivity value approximately equal to 

4840-5300 W/mK which is greater than the thermal conductivity of MWCNT(3000 W/mK) and 

SWCNT (3500 W/mK) [3]. The other reason for high increase in thermal conductivity of PMN’s 

is the molecular structure of polymer. HDPE is a crystalline polymer with highly ordered chain 

segments. Heat energy can be more efficiently transferred along the polymer chains than across 

the chains alone. Therefore nanocomposites with crystalline polymers as the matrix material will 

have high thermal conductivity. 

 

Statistical Analysis of Data: 
 

Statistical analysis of experimental data was completed using Anova Single factor test. 

From the test the P value of data was found to be 0.01250415 which is less than level of 

significance =0.05 and F value of data was found to be 0.001533. Calculated F value from 

Anova test is compared with  value in statistical tables for =0.05. From statistical 
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tables =3.24 is greater than the calculated F value for data. Since F (0.001533) < 

(3.24) and P value is less than level of significance we can statistically interpretate that 

the experimental data is correct and there is significant increase in the thermal conductivity with 

the increase in graphene concentration in PMN’s. 

 

4.1.3 Contact Angle: 

Table 11 gives the measured average water contact angle of PMN samples as function of 

graphene concentrations: 

 

PMN with different wt% of 

graphene 

Average water contact angle on 

PMN sample surface (in degrees) 

0 98.915˚ 

0.25 101.67˚ 

0.5 103.86˚ 

1 100.92˚ 

2 97.67˚ 

4 95.34˚ 

8 91.26˚ 

 

Table 11: Average water contact angle of PMN samples as function of graphene concentration 
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Figure 44: Water contact angle of PMN samples as function of graphene concentartion 

 
Table 12 gives the information of percentage increase/ decrease of water contact angle of PMN 

samples as function of graphene concentration: 

Table 12: Percentage increase/ decrease in water contact angle on the PMN surface as function 

of graphene concentration 

 

 
PMN with different 

wt% of graphene 
 

Average 
water contact 
angle on PMN 
sample surface 

Percentage  
increase/decrease 

in 
water contact angle 

Overall percentage 
increase/decrease 

in 
water contact angle 

0 98.915˚ 0 0 

0.25 101.67˚ 2.7852 2.7852 

0.50 103.86˚ 2.154 4.9122 

1 100.92˚ -2.83 2.0822 

2 97.67˚ -3.22 -1.1378 

4 95.34˚ -2.385 -4.3578 

8 91.26˚ -4.279 -8.6368 
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Figure 45: Overall % increase/decrease in water contact angle of PMN samples as function of 

graphene concentartion 

 

 

In this study, the water contact angle of PMN samples is measured based on assumptions 

such as uniform thickness of PMN’s, clean nanocomposite surface free from surface impurities, 

constant room temperature and humidity. The main goal of measuring water contact angle PMN 

samples is to see whether the increased graphene concentration in the polymer matrix made 

PMN’s super hydrophobic from hydrophobic.  From the above graphs we see that the water 

contact angle of PMN samples did not show much increase with the increase in the amount of 

graphene addition into the polymer but decreased it. There is very little improvement in the 

contact angle from 0wt% of graphene addition to 0.5wt% of graphene addition. Thereafter from 

1wt% to 8wt% it decreased steadily and constantly with increase in graphene content in the 
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polymer. It is well known that the contact angle decreases with increase in surface energy and 

surface smoothness. Single graphene sheet has surface area of 2630 /g, and has high 

concentration of surface atoms providing high surface energy. The addition of graphene 

nanosheets in to the polymer matrix increases the surface energy of PMN which in turn 

decreases the water contact angle. Another factor decreasing the water contact angle is surface 

smoothness. It is observed during the injection process that nanocomposites with high graphene 

content were less viscous. For example with increase in the addition of graphene in to the 

polymer the viscosity of the material is reduced. There was a very smooth flow of the material, 

which produced specimens with very high smooth surfaces. Graphene addition in to the polymer 

decreased the viscosity of nanocomposites because it has very good lubricating properties. As 

can be seen from Table 12 the water contact angle on the PMN sample has decreased by 

8.6368% making PMN surfaces hydrophilic, therefore the graphene addition in to the polymer 

cannot necessarily increase the contact angle.  

 
Statistical Analysis of Data: 
 

Since the contact angle is measured at three different places the statistical analysis of 

experimental data has been done three times for three different places using Anova Single factor 

test. From the test the P value of data for three different places was found to be 0.0145473, 

0.0125261, 0.0259591 and the F value of data at three different places was found to be 0.247671, 

0.182217, and 0.16974. Calculated F value is compared with  value in statistical tables 

for =0.05. From statistical tables  =2.040098, =2.040098, =2.040098 is 

greater than the calculated F value for data. Since F (0.247671) <  (2.040098), F 

(0.182217) < (2.040098), F (0.16974)< (2.040098) and calculated P values from 
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test are less than level of significance =0.05 we can statistically interpretate that the 

experimental data is correct and there is significant increase in the thermal conductivity with the 

increase in graphene concentration in PMN’s. 

 

4.2 Mechanical properties of PMN based on Graphene nanoplatelet concentration: 

Figure 46 shows tensile stress strain curve of PMN’s with various weight percentage 

inclusions of graphene nanoplatelets in to the polymer matrix: 

 

 

 

Figure 46: Tensile stess strain curve of PMN’s as function of graphene concentration 
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The above tensile stress strain curve interprets that there is increase in elastic modulus of 

PMN’s with increase in the graphene concentration in the polymer matrix. The UTS of PMN’s 

cannot be interpreted from the tensile stress strain curve shown in Figure 46 because there is no 

specific breaking point, and the samples were too ductile that they did not break.   

The average elastic modulus, percentage increase in elastic modulus and overall 

percentage increase in tensile modulus of PMN with various weight percentage inclusions of 

graphene obtained from the uniaxial tensile test are summarized in Table 13: 

 

PMN with different 

wt% of graphene 

Average elastic 

modulus of PMN’s 

(Mpa) 

Percentage increase 

in  elastic modulus 

of PMN’s 

Overall percentage  

increase in elastic 

modulus of PMN’s 

0 204.539 0 0 

0.25 386.106 88.768 88.768 

0.50 436.667 13.095 101.863 

1 459.65 5.26 107.123 

2 471.141 2.499 109.622 

4 507.913 7.804 117.426 

 

Table 13: Average elastic modulus, percentage improvement in Elastic modulus of PMN’s as 

function of graphene concentration  
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Figure 47: Elastic modulus of PMN samples as function of graphene concentration 

 

 

 

Figure 48: Overall percentage improvement in elastic modulus of PMN’s as function of graphene 

concentration 
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In this study the elastic modulus of PMN samples is measured based on assumptions such 

as uniform thickness of PMN samples with no voids. As can be seen from Figure 48 there is a 

large improvement in elastic modulus of PMN’s with the increase in the amount of graphene 

nanoplatelets concentration in the polymer matrix. Very little addition of graphene in to the 

polymer increased elastic modulus by a very high percentage. There is 88.768% improvement in 

elastic modulus with 0.25wt% inclusion of graphene and 117.426% overall improvement from 

0wt% to 4wt% inclusions of graphene into the polymer matrix. This drastic improvement in 

elastic modulus is observed with graphene nanoplatelet inclusions mainly because the graphene 

sheets when separated down to 1 nm have high modulus of E≈1 TPa. The other factor that affects 

the mechanical strength of the nanocomposites is the morphology of the PMN samples, as 

observed from the SEM images the PMN’s have exfoliated microstructure. For example the 

graphene nanoplatelets are individually and uniformly dispersed and distributed in the polymer 

matrix contributing high surface area which increases the interfacial strength, thereby increasing 

the mechanical properties of PMN’s. 

 

Statistical Analysis of Data: 

Statistical analysis of experimental data has been done using Anova Single factor test. 

From the test the P value of data was found to be 0.0370773 which is less than level of 

significance =0.05 and F value of data was found to be 1.060783. Calculated F value from 

Anova test is compared with  value in statistical tables for =0.05. From statistical 

tables   
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= 3.68232 is greater than the calculated F value for data. Since F (1.060783) <   

(3.68232) and P value is less than level of significance we can statistically interpret that the 

experimental data is correct and there is significant increase in the thermal conductivity with the 

increase in graphene concentration in PMN’s. 
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

 

In this report fundamentals of nanotechnology along with various types of polymer 

nanocomposite preparation methods are discussed. Research is done to improve the properties of 

recycled HDPE polymer by adding various wt% of graphene nanoplatelets to recycled HDPE. 

Among various types of nanomaterials, graphene nanoplatelets are of great interest because of 

their excellent surface dependent material properties. Graphene sheets, when separated down to 1 

nm have high aspect ratio, surface area and surface energy, and when added to the host matrix 

material proved to enhance host matrix material properties to a greater extent than any other 

nanoreinforcement material.  

Recycled HDPE graphene nanocomposite dog bone shaped samples are prepared using 

the least expensive solvent method assisted by sonication method, and followed by Injection 

molding process. Seven samples of PMN’s with various wt% of graphene inclusions were 

prepared, tested and evaluated for the improvement in physical properties such as thermal 

conductivity, dielectric constant, contact angle and mechanical properties such as tensile 

modulus. It is observed that there is large improvement in thermal conductivity, tensile modulus 

of PMN’s with very little increase in graphene concentration. This is because single graphene 

sheet separated down to 1nm has a very high thermal conductivity and young’s modulus at room 

temperature. There is very little improvement observed in the dielectric constant value of PMN’s 

with higher additions of grapheme. This is because HDPE is a non polar plastic and relative 

permittivity of non polar plastics is less due to low molecular polarizabilty. The non polar 

plastics are being used as dielectric materials in most of the applications because these types of 
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plastics have constant relative permittivity’s over wide range of temperatures, frequencies and 

humidity’s. The water contact angle of PMN’s is decreased with increase in graphene 

concentration in the polymer matrix. This is because the surface energy and surface smoothness 

of PMN’s is increased.  

 

Future Work: 

1. Dielectric constant of PMN’s can be improved by using polymer blends (combination of 

polar and non polar plastics) as matrix material instead of using single non polar plastic as 

the matrix material. 

2. The Contact angle of PMN’s can be increased by coating the nanocomposite surfaces with 

super hydrophobic materials.  

3. UTS of PMN’s can be found by adding more wt% of graphene (>4wt%)  in to the polymer, 

since it is observed from the tensile stress strain graph that the ductility of the material is 

being decreased constantly with increased garphene concentration. 

4. PMN’s can also be tested for other mechanical properties such as Impact strength and 3 point 

bending. 

5. The SEM technique provides clear morphology images of conductive materials, therefore in 

order to have more clear images of PMN’s with very low graphene content the 

morphological characterization of PMN’s can be done using TEM technique. 
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