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PREFACE 

Nano zinc oxide is a multifun,:tional inorganic nanoparticle, has drawn 

increasing attention in recent years due to its many significant physical and 

chemical properties such as high chemical stability, low dielectric constant, large 

elecromechanical coupling coefficient, high luminous transmittance, high 

catalysis activity, intensive ultraviolet and itifrared absorption. The addition of 

nano scale tillers to polymers can have a dramatic effect on the properties of 

polymers as compared to micro scale fillers. Large part of this effect is due to the 

small size and the large surface area of nano scale fillers. The control of particle 

size, morphology and crystallinity of the particles during the preparation is 

essential to achieve the key properties. 

The current research aims at preparing nano ZnO powder by polymer 

induced crystallization in chitosan solution and the possibility of using nano 

ZnO as a modifier in themJOplastics to impart several properties to the matrix 

polymer. 

It has been undertaken to explore the potential of nano ZnO as 

reinforcement in engineering as well as commodity thermoplastics to widen their 

application spectra. 

Content of the thesis: 

This thesis is divided into six chapters: 

Chapter I presents a concise introduction and literature survey of nanocomposites, 

nanomaterials and ZnO based nanocomposites. The scope and objectives ofthe 

present investigation is summarized. 

Chapter 2 discusses various materials and methods used for the preparation and 

characterization of the nanocomposites. 

Chapter 3 includes the method of preparation of nano zinc oxide from zinc 

chloride and sodium hydroxide in chitosan solution by polymer induced 



crystallization. Characterization of nano zinc oxide using different 

analytical techniques is presented in this chapter. 

Chapter 4 includes the modification of engineering thermoplastics using nano 

ZnO. This chapter is divided into three parts. Part a deals with the 

preparation and characterization of polyethylcne terephthalate-ZnO 

nanocomposites. Part b comprises the preparation and characterization of 

polyamide 6-ZnO nanocomposites and part c includes the preparation and 

characterization of polycarbonate-ZnO nanocomposites. The composites 

have been prepared by simple melt compounding technique and their 

crystallization (both isothermal and non-isothermal); mechanical, dynamic 

mechanical, thermal and rheological properties are studied. A comparison 

ofpropertics with commercial ZnO is also presented. 

Chapter 5 deals with the modification of commodity thermoplastics using nano 

ZnO. This chapter is divided into thrce parts. Part a deals with the 

preparation and characterization of polypropylene-ZnO nanocomposites. 

Part b comprises the preparation and characterization of high density 

polyethylene-ZnO nanocomposites and part c includes the preparation and 

characterization of polystyrene-ZnO nanocomposites. The composites have 

been prepared by simple melt compounding technique and their 

crystallization (both isothermal and non-isothermal), mechanical, dynamic 

mechanical, thermal and rheological properties are studied. A comparison 

of properties with commercial ZnO is also presented. 

Chapter 6 consists of summary and conclusions of the investigations. 

At the end of each chapter a list of pertinent references is given. A list of 

abbreviations used in this thesis is also cited. 
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Man's insatiable appetite for invention of new things is unquenchable. 

Since ancient times, his voraciousness brought him many new tools and 

discoveries. For new things, he interacted well with nature, and it responded 

well. However, he was unsatisfied with it and expanded his thought to produce 

synthetic materials. Polymer is the one of such materials. He was familiar to so 

many natural polymers such as cellulose, natural rubber, lignin, starch etc. Man 

introduced polymers successfully in many areas to simplify his life. This age is 

also referred as "polymer era" while speaking about materials. Presently we can 

find polymers finding their application in every field like in structural 

engineering, automobile engineering, aeronautic engineering, film and 

packaging industries, food packaging, high performance applications, paint and 

dyes industry, drug synthesis, home appliances and many more areas. Polymer 

finds such a large number of applications because of their important properties. 

They are easy to handle, process, maintain, have excellent heat and chemical 

resistance, corrosion resistant and most importantly they show efficient 

productivity and cost reduction. Because of this, they are replacing wood, metal, 

ceramic and other structural elements. 

1.1 Composites 

Materials engineering is being used for developing new high tcch materials 

for variety of applications ranging from opto electronics to space vehicles. 

Combining and orienting materials to achieve superior properties are old and 

well-proven concepts; examples of this synergism are bound in nature. l Wood 

contains an oriented hard phase for toughness. Other natural composites are 

found in teeth, bones, plant leaves etc. Synthetic composites are found In 

artifacts and in recorded history. The use of chopped straw by Israelites to 



control the residual cracking in bricks is an example.2 More representative of the 

modem structural composites are Mongolian bowls, which were laminates of 

wood, animal tendons, and silk and Japanese Samurai woods formed by repeated 

folding of a steel bar back upon itself. The resulting structure contains as many 

as 215 alternating layers of hard oxide and tough, ductile steel. 

A polymer can alone not provide all the superior properties like strent,>th, 

less themlal coefficients, resistance to shock loads, resistance to thermal or 

chemical degradation etc. Fillers have important roles in modifying properties of 

various polymers. Mineral fillers, metals and fibres have been added to 

themlOplastics (TP) and thermosets (TS) for decades to foml composites. The 

effect of fillers on properties of the composites depends on their concentration, 

their particle size and shape as well on their interaction with the matrix. A 

composite material can be defined as a macroscopic combination of two or more 

distinct materials, having a recognizable interface between them. Composites are 

made up of continuous and discontinuous medium. The discontinuous medium 

that is stiffer and stronger than the continuous phase is called the reinlorcement 

and the so called continuous phase is referred to as the matrix. 3.4. 
5 The 

constituents retain their identity; they do not dissolve or merge completely into 

one another. Composite provides the design fabricator, equipment manufacturers 

and consumers with sufficient flexibility to meet the demands presented by 

different environments and special requirements. 

1. t.l Classification of composites 

Composites can be classified in different ways-

• Depending on the size of the constituents-

o 

!] 

o 

Macro composites- these composites consist of macro sized particles 

like galvanized steel, helicopter blades etc. 

Micro composites- comprising of metallic alloys, reinforced plastics 

etc. 

Nanocomposites- polymers/particles ranging in nano size. 



• Depending on the occurrence of composites-

D Natural composites- for e.g.,jute, silk, wood, bamboo 

D Manmade composites- for e.g., glass reinforced fibre 

• Depending on the matrix system-

D Polymer matrix composites (PMC) 

D Ceramic matrix composites (CMC) 

D Metal matrix composites (MMC) 

D Rubber matrix composites (RMC) 

• Depending on structural components-

D Fibrous composites (composed of fibrous filler in matrix) 

D Laminar composites (composed of layers of materials) 

D Particulate composites (composed of particulate fillers in matrix) 

D Skeletal composites (composed of continuous skeletal matrix filled 

by a second matrix) 

Another classification of particulate composites is based on the particlc size 

of the dispersed phase. More recently, with advances in synthctic techniques and 

the ability to readily characterize materials on an atomic scale has lead to interest 

in nanometer size materials. Nanometer size grains, fibres and plates have 

dramatically increased surface area compared to their conventional-size 

materials. The chemistry of these nanosized materials is altered compared to 

conventional materials. This can be micro composites, nanocomposites and 

molecular composites. 

1.2 Nanotechnology 

A revolution is occurring in science and tcchnolo!:,'Y, based on the recently 

developed ability to measure, manipulate and organize matter on the nanoscale -I 

to 100 billionths of a meter.6 At the nanoscale, physics, chemistry, biology, 

materials science, and engineering converge towards the same principles and 

tools. As a result, progress in nanoscience will have very far-reaching impact. As 

knowledge in nanoscience increases worldwide, there will likely be fundamental 



scientific advances. In turn, this will lead to dramatic changes in the ways 

materials, devices, and systems are understood and created. Innovative nanoscale 

properties and· functions will be achieved through the control of matter at its 

building blocks: atom-by-atom, molecule-by-molecule, and nanostructure-by­

nanostructure. Nanotechnology will include the integration of these nanoscale 

structures into larger material components, systems, and architectures. However, 

within these larger scale systems the control and construction will remain at the 

nanoscale. Today, nanotechnology is still in its infancy, because only 

rudimentary nanostructures can be created with some control. However, among 

the envisioned breakthroughs are orders-of-magnitude increase in computer 

efficiency, human organ restoration using engineered tissue, "designer" 

materials created from directed assembly of atoms and molecules, as well as 

emergence of entirely new phenomena in chemistry and physics. 

The term "nanotechnology" has evolved over the years via terminology 

drift to mean "anything smaller than microtechnology," such as nano powders, 

and other things that are nanoscale in size, but not referring to mechanisms that 

have been purposefully built from nanoscale components. It has been said that a 

nanometer is "a magical point on the length scale, for this is the point where the 

smallest man-made devices meet the atoms and molecules of the natural world." 

(Eugene Wong, quoted by Boyd RS. Knight Rider Newspapers, Kansas City 

Star, Monday, November 8, 1999.) 

Many materials, once they are individually reduced below 100 nanometers 

begin displaying a set of unique characteristics based on quantum mechanical 

forces that are exhibited at the level. Due to these quantum mechanical effects, 

materials may become more conducting, be able to transfer heat better or have 

modified mechanical properties. 

Nanotechnology covers many field of science such as: 

1. Nano crystals: The solid materials that can be reversibly switch between 

conductor and insulator at room temperature and pressure without 

change in chemical nature. 



2. Nano laser: Here ground breaking experiments are done to cool and trap 

atoms with laser light. 

3. Nano coat: A coating will allow miniature sensors to detect dangerous, 

even lethal, air or water molecules much more quickly. This is used for 

nano detection of dangerous materials. 

4. Nano computer: The use of DNA molecule 111 computing offers an 

advantage over desktop PCs. Recent progrcss in this field includes the 

development of DNA computing algorithms to solve mathematical 

chaJlenges. 

5. Nano scan: Accelerator that will map structures, biological molecules in 

3- dimensional. 

6. Nano traps: Cesium atoms were allowed to fall downwards on to a 

prism. When the atoms strike the prism they are reflected upwards. After 

several bounces the atoms collect in the chilled cloud. 

7. Nano devices: The parts of scientific instruments, which includes gears, 

wheels etc. which are in the nano level. 

8. Nanocomposites: A combination of a polymer matrix and an inorganic 

particle, which have at least one dimension (i.e. length, width or 

thickness) in the nanometer range (one billionth of a meter or 10-9 m) 

Recently, nanoprticles have attracted a great deal of attention in both 

fundamental and industry studies. 7
,R Because of their unique morphologies and 

properties endow them with potential applications. 

1.3 Nanocomposites 

Polymer nanocomposites are generally defined as the combination of a 

polymer matrix and an inorganic particle, which have at least one dimension 

(i.e., length, width or thickness) in the nanometer range (one billionth of a mcter 

or 10-9 m)_9-13 

Polymer nanocomposites were first developed in the late 1980's, which is 

polyamide 6 (PA 6) (from caprolactum), which has dispersed ion exchanged 



montmorillonite as the reinforcement. This material is commercially available and 

has been used to mould engine covers on some models of Toyota vehicles. The 

recent scientific discoveries and technical breakthroughs have enabled simple 

commodity plastics to be turned into hi tech materials featuring much improved 

properties. 14-16 Nanocomposite technology offers advantages such as increased 

tensile strength, modulus and heat distortion, improved fire retardance and UV 

stability, reduced permeability to gases and can even be used to impart electrical 

conductivity to the raw polymer. In many cases, these improvements can even be 

made without loss of clarity.17-1~ Numerous commercial applications are now 

emerging including structural materials, packaging, medical and hiomedical 

products and electronic and photonic devices. 

Materials with features on the scale of nanometer often have properties 

dramatically different from that of their bulk scale counterparts. For e.g., 

nanocrystal Cu is five times harder than ordinary Cu with its micrometer sized 

crystal structure. 

Important among these nanoscale materials are nanocomposites; in which 

the constituents are mixed on a nanometer length scale. They often have 

properties that are superior to conventional micro scale compositesl 9
-
23 and can 

be synthesized using surprisingly simple and inexpensive technique. 

A nanoscale dispersion of sheet like inorganic silicate particles 111 a 

polymer matrix is superior in properties such as optical clarity, strength, 

stiffness, thermal stability, reduced permeability and flame retardance.24
-
2g The 

key to the synthesis of nanocomposites is how the silicate is made to disperse in 

the polymer. 

1.3.1 Properties of nanocomposites 

Nanocomposites have revealed clearly the property advantage that 

nanomaterial additives can provide in comparison to both their conventional 

filler counterparts and base polymer.29
-
3o Properties, which have been shown to 

undergo substantial improvements, include: 



• Improvements in physical and mechanical properties such as strength 

and modulus 

• Thermal stability 

• Decreased permeability to liquids and gases 

• Beneficial flame retardancy with reduced smoke emissions 

• Electrical conductivity 

• Chemical resistance 

• Optical clarity 

• Aesthetic improvements. 

Tensile strength, tensile modulus and heat distortion temperature (HDT) 

characteristics are improved with the use of nanotechnology.31-33 Cloisite®, a 

nylon nanocomposite produced by Southern Clay Products with a clay loading of 

5 %, exemplifies these increased mechanical properties. Nanoclays in nylon 

increase tensile strength in this example by 23 %. The tensile modulus is 

increased by 69 % and the flexural modulus is increased by 56 %. In addition, 

HDT is raised by 68 %. The amount of change in mechanical properties is 

directly related to the quantity of nanoti lIer used in the particular nanocomposite. 

For example, by adding 2 % nanoclay to nylon 6 nanocomposite increases 

tensile strength by 49 %. However, adding 6 % nanoclay dramatically increases 

the tensile strength by 98 % (Ling, et. a1.).34 This pattern also applies to the HDT 

and flexural modulus characteristics (table 1.1). Other nylon nanocomposite 

polymers have increased mechanical properties similar to Cloisite®. 

Table 1.1 Mechanical properties of nylon 6 nanocomposites 

Nylon 6 
Cloisite® 

lIallocomposite (5 %) 

Tensile strength (MPa) 82 101 

Tensile modulus (MPa) 2756 4657 

Flexural modulus (MPa) 2431 3780 

HDT,oC 57 96 

Source: Southern Clay Products, 2005 



In addition to the observed improvements in performance, a lower loading 

level ofnano filler is required. lS
•
37 Polymer based nanocomposites are also being 

developed for electronic appl ication such as thin film capacitors in integrated 

circuits and solid polymer electrolytes for batteries. It is a field of broad 

scientific interest wilh impressive technological promise.3s.41 

The gaseous barrier property improvement that can result from incorporation 

of relatively small quantities of nano fillers is shown to be substantial.42
-43 The 

presence of filler incorporation at nano levels has also shown 10 have significant 

effects on the transparency and haze characteristics of films. Thermoplastic based 

composites; with nano filler has shown m<xlification in crystallization behaviour in 

smaller spherilitic domain dimensions. As new space material candidate, nano 

reinforced polymers have shown a dramatic improvement over existing polymer and 

composite technologies.4447 Polymeric materials offer many advantages for space 

applications including ease of processing and reduced payload.to-orbit costs derived 

from a reduction in weight.-Ig·5\f 

Studies show that "Nylon-6 nanocomposites can ach ieve an OTR (oxygen 

transmission rate) almost four times lower than unfilled nylon·6" (Brady, 2003, 

p53).51 In the case of Honeywell AegisTM OX, the nanoclay layers act as a trap to 

retain the active oxygen scavengers in the polymer while reducing OTR I DO-fold 

(Leaversuch, 2001) 52 (figure I. I). 
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Figure 1.1 Oxygen transmission rates of nylon 6 nanocomposites 



1.3.2 Classification of nanocomposites 

Polymer composites are widely used in the areas of electronics, 

transportation, construction and consumer products, as they offer unusual 

combinations of properties that are difficult to obtain from individual 
53 components. 

Fillers are generally in the form of fibres or platelets. The nature of the 

fillers, including their composition, dimensions, homogeneity of dispersion and 

adhesion level in a polymeric matrix, is important for the bulk properties of the 

composites. In the last years nanoparticles have become of interest as fillers for 

polymeric matrices. Because of the nanoscale dimensions, nanocomposites 

possess superior physical and mechanical properties compared to the more 

conventional microcomposites, and therefore offer new technology opportunities. 

TIrree types of nanocomposites can be distinb'Uished, depending on the number of 

dimensions of the dispersed particles that arc in the nanometer range. When the 

fillers are nanosized in the three dimensions, they are practically isodimensional, 

such as spherical silica nanoparticles obtained by in situ sol-gel methods54 or by 

polymerization promoted directly from their surface. 55 When two dimensions of 

the fillers are in the nanometer scale and the third is larger, forming an elongated 

structure, the reinforcing particles are generally named nanotubes or whiskers, 

such as carbon nanotubes56 or cellulose whiskers. 57-SS Finally, nanocomposites of 

the third type contain reinforcing particles that have only one lateral dimension in 

the nanometer range: the fillers have the shape of sheets that are a few nanometers 

thick with a length of the order ofmicrons.59
.
60 

They can be classified based on the filler into three viz., clay (silica) based, 

inorganic-polymer layered and inorganic-polymer hybrids. 

1.3.3 Methods of nanocomposite preparation 

Nanocomposites can be prepared by the following processes: 

• In situ polymerization 

• Sol-gel process 



• In situ intercalative polymerization 

• Solution polymerization 

• Emulsion polymerization 

• Melt intercalation process 

• Mechanical mixing. 

1.3.3.1 In situ polymerization 

The degree of homogeneity or phase separation between the organic and 

inorganic components can be controlled using in situ polymerization method.61
-
62 

One approach utilizes organic polymers functionalized with trialkoxy silane 

moieties to facilitate cross linking between the polymer and the growing organic 

oxide network. Cross reaction of the organic and inorganic components retard 

the phase separation, producing homogeneous hybrid materials. Altematively, it 

is possible to produce homogeneous transparent organic inorganic composites 

with highly dispersed organic oxide phases using organic polymers without 

trialkoxy silane functionality if appropriate polymer bones are used. This 

approach relies on specific interaction such as hydrogen between the organic and 

inorganic components to retard phase separation. 

1.3.3.2 Sol-gel process 

Sol-gel process has been investigated for many years and has been 

employed for improving or modifying the process63
-
64 of making inorganic 

glasses. E.g., acid catalyzed hydrolysis and polycondensation of tetraethyl 

orthosilicate (TEOS) yield a silicate glass temperature much lower than 

conventional fusion process. Many researches have demonstrated the successful 

combination of various polymers and copolymers with inorganic structures like 

silica at molecular level to form inorganic-organic hybrid materials through the 

sol- gel process. A significant feature of these new materials is the formation of 

covalent bonding and elimination of macroscopic interfaces, as existing in the 

conventional composites materials, between the polymer and inorganic 

components. Thus the physical properties of these hybrid materials could be 



designed and controlled by varying nature and composition of both polymer and 

inorganic components. A number of polymers have been incorporated into Si02 

and or rri02 glass networks. 

The sol-gel process provides a method for the preparation of inorganic 

metal oxides under mild conditions starting from organic metal oxides. This 

penuits the structural variation without compositional alteration. 

The process includes two approaches: 

a Hydrolysis of metal oxides 

b Followed by the polycondensation of hydrolysed intennediates. 

Interest is mostly concerned on metal organic alkoxides, especially silicon 

oxide since they can form an oxide network in organic matrices. 

1.3.3.3 In situ intercalative polymerizaion 

This method65 is an effective method to prepare clay-polymer composites 

that can provide high performance at relatively low cost, but this method adapts 

only to clay minerals, which is also a significant disadvantage for its application. 

In this process, the polymer chains are sandwiched between ultra thin layers of 

the clay silicates. These multi-layered sandwiches like materials are promising 

candidate for engineering applications 

Work from the Toyota research laborntories sparked a large interest in PA 6 

based silicate nanocomposites. Tbeir papers describe P A 6 nanocompositcs made by 

an in situ polymerization process with superior strenh>th, modulus, heat distortion 

tempernture, and water and gas banier properties with respect to pure PA 6.66-69 

The chemistry and crystal structure, in each layer in the multilayer can be 

quite different from those a few atoms away due to incorporation of polymer into 

the nano sized gaps that exists between clay's layers. Intercalated polymers do 

not undergo the transitions of amorphous and crystalline polymers, because the 

molecular confinement hinders their translational and rotational motions. Thus, 

the confinement of interacted polymers in layered sllicates gives thermal and 



oxidative stability. This concept allows designing of materials that combines the 

high strength and high thermal stability of clay with processability and crack­

defecting properties of frequent periodic interlayer boundaries. 

A way of achieving intercalation of polymers is by cation exchange 

grafting of the polymer through chemical bonds of layered clays to produce 

nano-phase organic inorganic hybrids. The principles are: 

a Intercalation of suitable monomer to the surface of the clay interlayer to 

produce organophilic clays followed by subsequent polymerization of 

the monomers to grow the polymeric chains in the interlayer spaces 

b Direct intercalation of the positively charged polymer chains from 

solution to anionic clay-layers. 

1.3.3.4 Solution polymerization 

In the solution radical polymerization technique, the grafting of polymers 

into clay interlayer depends on the swelling of the organophilic-modified clay 

promoted by a solvent. Swelling is manifested due to solvation of interlayer 

cations thus; inclusion of the vinyl monomer between the layers of the clays can 

be maximized by the use of appropriate solvent. The interlayer distance can be 

increased remarkably in the solvent, which have strong attractive forces between 

the intercalated monomer of clay and solvent molecules. Nanocomposites based 

on high density polyethylene, polyimide and nematic liquid crystal polymers 

have been synthesized by this method. The major advantage of this method is 

that it offers the possibility to synthesize intercalated nanocomposites based on 

polymers with low or even no polarity.70.71 

1.3.3.5 Emulsion polymerization 

The emulsion polymerization is recently introduced technique for 

nanocomposite synthesis.72 75 The disadvantage of intercalation process is the lack of 

affinity between hydrophilic silicate interlayer and hydrophobic polymer and they 

can be applied only to pretreated silicate layer swellable with organic ions by ion 

exchange between organic onium ions salt and interlayer cation of clay. 76·7X 



Emulsion polymerization is a heterogeneous reaction system. In this 

process, reacting monomer is dispersed in a water phase and polymerized with a 

water soluble radical initiator in presence of Na + montmorilIonite. E.g., 

nanocomposites of PMMAlc1ay can be obtained by adding MMA monomer in 

continuous water phase with the aid of sodium lauryl suI fate and polymerized 

with potassium per sulphate in presence ofNa+ montmorillonite at 70 °C for 12 

hours. Formation of self induced dipole forces leads strong fixation of polymer 

chain into the interlayer of organiC surfaces. An exfoliated composite can be 

obtained by using this simple technique. 79 

1.3.3.6 Melt intercalation 

Polymer melt intercalation is a more efficient and environmentally being 

alternative to traditional intercalation process for synthesis of nanophase 

polymer silicate hybrids. Nanocomposites via polymer melt intercalation process 

involve annealing, statically under shear, a polymer and layered silicate above 

the softening point of the polymer. During heating, polymer chains diffuse from 

the bulk and polymer melt into the intcrlayer or galleries between the silicate 

layers. Depending on the degree of penetration of polymer into the layered clay 

hybrid is obtained with structure ranging from intercalated to exfoliate. 

The melt intercalation process has become increasingly popular becauseRO
-
R1 

of its great potential for application with rapid processing methods such as 

injection moulding. A wide range of thermoplastics, from strongly polar 

polyamide 6 to styrene have been intercalated or exfoliated between silicate 

layers. However, polyolefines, which represent the biggest volume of polymers 

produced, have been successfully intercalated only to a limited extent. 

1.3.3.7 Mechanical mixing 

Melt compounding - or processing - of the nanofillers into a polymer is 

done simultaneously when the polymer is being processed through an extruder, 

injection moulder, or other processing machine. The polymer pellets and filler 

are pressed together using shear forces to help dispersion. R2-R3 



1.3.4 Applications of nanocomposites 

The nanocomposites have widely used in the various fields of injection 

moulding, e.g., engine cover, timing belt cover, oil reservoir tank and fuel hose 

in automobile industries.84 Nanocomposites of nylon 6 -day hybrid (NCH) 

shows a high modulus and high distortion temperature. The timing belt covers 

made from NCH by injection moulding was the first example of industrialized 

f I 1 . ~5-86 use 0 po ymer-c ay nanocomposltes. 

Nanocomposites find applications in the following areas: 

• For interior and exterior body parts resulting from improved 

dimensional stability 

• In barrier packaging to reduce permeability of oxygen and other gases 

and liquids 

• For use in multi layer PET (polyethylene terephthalate) bottles 

• Tyre cords for radial wires 

• Food grade drinking containers 

• Electric component 

• Sensors 

• Sensitive areas like high corrosive environment, artificial bio implants etc. 

Polymer-ceramic composites have been of great interestR7 as embedded 

capacitor material because they combine the processability of polymers with the 

high dielectric constant of ceramics. At present a wide range of polymer based 

devices such as light emitting diodes, photodiodes, solar cells, gas sensors, field 

electric transmitters etc., exists which have been developed and intensely studied 

all over the world, some of which are even produced commercially in pilot scale 

series. Polymer nanocomposites are being extensively studied as high capacity 

magnetic storage media. The magnetic behaviour of PV A-Fe}04 nanocomposites 

has been studied in detail. Table 1.2 lists recent polymeric-based nanocomposite 

systems prepared via the sol-gel technique, in situ intercalative polymerization, 

and in situ polymerization. 



1.3.5 Advantages of nanocomposites 88-90 

• They possess excellent stiffness and strength 

• High heat distortion temperature value than base polymer 

• Enhancement of property without compromising impact strength, 

toughness and clarity of base polymer 

• Require very less quantity of fillers (5 wt%) to obtain good properties 

• Enhance barrier properties and penneabiJity propcrty of base material 

• Possess excellent flame retardant and oxidative properties 

• Possess excellent optical properties such as transparency, high gloss 

• Excellent corrosion resistance etc. 

Table 1.2 Recent polymeric·based nanocomposite systems prepared via the sol-gel technique, 
in situ intercalative polymerization and in situ polymerization91 

Systems/ Uses 

Sol-gel technique 

Polycaprolactone (PCL)/silica (TEOS) 

Polyimide/silica (TEOS) 
----

PMMA/silica 

Polyethylacrylate(PEA)/silica 

Polyethyleneoxide (PEO)/silica (TEOS) 

Poly(p-phenylene vinylene)(PPV)/silica 
(TMOS) 

Poly(amide-imide)/Ti02 composite 
membranes 

Bone-bioerodible polymer 
composites for skeletal tissue repair 

Micro-electronics 

Dental application, optical devices 

Catalysis support, stationary phase 
for chromatography 

~ .. ----

Electrolyte and highly conductive 
polymer 

Non-linear optical material for 
optical wave guides 

Gas-separation applications 

Polycarbonate/silica (TEOS) Abrassion-resistant coating 
--~--- ._-------1----

In situ intercalative polymerization 

PeLlCr 3+ fluorohectorite and 
montmorillonite 

Epoxy/organo-modified 
montmorillonite 

Biodegradable/biocompatible 
materials, packaging (enhanced 

• barrier-properties) 

-t~~;cd ;ro:rti~(a~;~~~t;cs,~ 



Systems 

Polyimide/organo-modified 
montmorillonite 

.. 

Polystyrene/organo-modified 
montmorillonite 

--.-----

Copolymer 
butadiene/acrylonitrile/organo-modified 

montmorillonite 
---. 

iPP/organo clay 
-

Starchlorgano-modified 
montmorillonite 

- . 

Nylon/organo-modified 
montmoriIlonite 

In ;itu Mymerif.qti9n 

Polyimidel AlN 

PET/SiC 

PMMAlCaC03 

Poiystyrene-polyvinylbenzene/Fe20 3 

1.3.6 Nanocomposite structure 

Uses 

Materials for microelectronics with 
reduced thermal expansion 

coefficient and moisture absorption 
- --

Improved properties 

-

Rubber with enhanced barrier 
properties (H2, H2O) 

.. 

Improved properties 

Enhanced barrier properties 

---

Improvement of structural, 
mechanical. thermal and barrier 

characteristics without significant 
loss in clarity or strength 

Materials for microelectronics with 
reduced thermal expansion 

coefficient and moisture absorption 
_ .. 

Improved properties 

Biocompatible materials and optical 
devices 

_._-

Optical transparency and 
superparamagnetism (colour 

tmagmg and pnntmg) 

Depending on the strength of interfacial interactions between the polymer 

matrix and the silicate layers, three types of polymer composites may be fonned 

as shown in figure 1.2. In conventional composites, the clay tactoids exist in 

their original aggregated state with nanolayers stacked face to face and without 

any polymer intercalation, which results in poor mechanical properties. In the 



case of intercalated polymer-clay nanocomposite few molecular layers of 

polymer penelrate the clay host galleries increasing the d spacing. And finally, 

exfoliated polymer-clay nanocomposites contain individual nanolayers separated 

in a continuous polymer matrix by an average distance which depends on the 

clay loading. Usually. the clay content of an exfoliated nanocomposite is lower 

than that of an intercalated nanocomposite. Exfoliation is more appealing for 

enhancement of certain properties of the material because of the high degree of 

dispersion and maximum interfacial area between polymer and clay (figure 1.2). 

- . -
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Figure 1.2 Nanocomposite slruClUre 

1.4 Nanomaterials 

Nanomaterials have generated tremendous interest because they present 

an opportunity to deliver unprecedented material performance.92
-
93 This 

Opportunity is based on the unique properties (e.g., magnetic. optical. 

mechanical. electronic) that vary cominuously or abruptly with changes in the 

size of the material at the nanoscale (I tolOO nanometers). These step.l ike 

changes in nanoscale properties suggest both enormous potential and 

challenges. The term nanoparticle covers a diverse range of chemical and other 



entities. They can be metallic, mineral, polymer-based or a combination of 

materials. Nanoparticles include metal (Au, Pt. Pd. Cu etc.), semiconductor 

(CdS, Cd Se, ZnS etc.), metal and semiconductor oxide (FC203, AI203, SiO,. 

ZnO etc.). They have mUltiple uses: as catalysts, drug delivery mechanisms, 

dyes, sunscreens, filters and much more. 

1.4.1 Historical approach 

Nanoparticles are not new: they have existed widely in the natural world, 

for millions of years, created by living things or volcanic activity. Nano-effects 

are astonishingly common in nature - from non reflective moths' eyes to 

extraordinarily efficient nano-Ienses in crystalline sponges. The enamel of our 

teeth is constructed, in part, by use of natural nanotechnology. Coral- grazing 

parrot fish (figure 1.3) has particularly strong durable teeth made up of bundles 

of nanofibres. Indeed, people have exploited the properties of nanoparticles for 

centuries. It is not clear when humans first began to take advantage of nanosized 

materials. It is known that in the fourth-century A.D. Roman glassmakers were 

fabricating glasses containing nanosized metals. An artifact from this period 

called Lycurgus cup (figure 1.4) resides in the British Museum in London. The 

cup, which depicts the death of King Lycurgus, is made from soda lime glass 

containing silver and gold nanoparticles. Gold and silver nanoparticles are 

responsible for some coloured pigments, used in stained glass and ceramics since 

the 10th century (depending on their size, gold particles can appear red. blue or 

gold). The great varieties of beautiful colours of the windows of medieval 

cathedrals are due to the presence of metal nanoparticJes in the glass. 

Photography is an advanced and mature technology developed in the eighteenth 

and nineteenth centuries, which depends on production of silver nanoparticles 

sensitive to light. Computer chips have been made using nanotechnologies for 

the last 20 years, and chemists have been making polymers - large molecules 

made up of nanoscale subunits - for decades. 



Figur. 1.3 Parrot fish Figure 1.4 Lycurgus cup 

1.4.2 Putting the nanometer into perspective 

The unit of nanometer derives its prefix 'nano' from a Greek word meaning 

'dwarf or extremely small. One nanometer spans 3-5 atoms lined up in a row. For 

comparison, the diameter of a human hair is about 5 orden of magnitude larger than 

a nanoscale particle. DNA molecules are 2.5 om wide. 10 hydrogen atoms span 

Inm. Table 1.3 lists re lati ve dimensions of objects in the nanoscale. 

T .bl, 1.3 Relative dimensions of objects in the nanoscale 

Obicct ReJath'c dimcnsions ( nnt) 

Hydrogen atom (figure 1.5) 0.1 

Typical bond between two atoms 0.15 

Water molecule 0.3 

C60 FuJlerene I 

6 bonded Carbon atoms I 

Helix of DNA ( figure 1.6) 2.5 

Quantum dots of CdSe 8 

Cell membranes 8 

Dendrimers 10 

Virus 100 

Red Blood Cell ( figu re I. 7) 7,000 

Human hair 80,000 

Dust mite 200,000 

Head of pin 1,000,000 

Human height 2,000,000,000 



Figure t.5 Hydrogen atom 

Figure 1.7 Biological cells are 
thousands of nanometers 

1.4.3 Properties of 0800materials 

Figure 1.6 DNA molecules 

Nanomaterials fall into one of three general categories depending upon 

their defining nanometer dimension. Thin (nano) films or surface coatings used 

in computer chips and emerging catalyst and fuel cell applications represent 

one-dimensional nanomaterials. Carbon nanotubules (which are extended tubes 

of single or multi walled rolled graphene sheets), inorganic nanotubes (i.e., 

oxide-based nanotubes), nanowires (made of silicone, gallium nitride, and 

indium phosphide) and biopolymers (such as DNA) represent two-dimensional 

nanomaterials. Nanoparticles exist in three dimensions having diameters of 

less than 100 nm. They include naturally occurring particles like those 

resulting from the combustion of organ ic ma1erial, as well as engineered 



particles such as Ihe fullerencs and quantum dots. Engineered nanomalerials 

are not a unifonn group of substances, as Ihey differ in size, shape, surface 

area, chemica l composition (e.g .• cadmium. carbon, cobalt . copper, gold, iron. 

platinum, silicon, si lver. titanium dioxide, zinc. and others). biopersistence, 

and poss ible environmental and human health impact. Concerns are Ihat tbese 

new and unique properties result in different behaviours that may present 

unforeseen or unintended ri sks. 

In the mid · 1980s a new class of materi al-hollow carbon spheres was 

discovered. These spheres were called buckyballs or fulle-re-nes. The CbO (60 

carbon atoms chemically bonded together in a ball shaped molecule) 

buckyballs (figure 1.8) inspired research that led to fabricati on of carbon 

na nofi bres, with diameters under 100 nm. In 199 1 S. lijima of NEe in Japan 

reported the first observation of carbon nanotubes. (figure 1.9) which are now 

produced by a number of companies in commercial quantities.~b Figure 1.9 

shows the slructure of a tube fomled by rolling the graphite sheet about an axis 

parallel to C-C bonds. Nanoparticles of carbon-rod s, fibres. tubes with single 

walls or double walls. open or closed ends and straight or spiral fonns have 

been synthesized. They are reported 10 be Ihennally stable in vacuum uplO 

2800 "C. to have a capacity to carry an electric current a thousand times better 

than copper wires, and to have twice the thennal conductivity of diamond. 

They are used as reinforcing particles in nanocompositcs. 

Figure 1.8 Structure of fullerenes 
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Figure 1.9 1l1uslralion of some possible structures of carbon nanotubes, depending on how 
graphite sheets are rolled: (a) armchair structure; Ibl zigzag structure; le) chiral structure 

1.4.4 C lassification of nanomatcrials 

Nanomateria l serve as a bridge between the molecu lar and condensed 

hase.97
-
98 The thousands of substances that are solids under nomlal temperatures 

and pressures can be subdivided into metals, ceramics, semiconductors, 

composites, and polymers. These can be further subdivided into biomaterials, 

catalytic materials, coatings, glasses, and magnetic and electronic material s. All 

of tbese solid substances, with their widely variable properties take on another 

subset of new properties whcn produced in nanoparticle form. 

The classi fication of nanomaterials is the following:99 

Cluster A collection of units of up to about 50 units. 

Col/oid A stable liqu id phase containing particles in the 1-1000 nm range 

Nanoparric/e A solid particle in the 1- 1000 Ilm range that could be 

noncrystalline. an aggregate of cryslallites or a single crysta llitc . 

Nanocrystal A solid particle that is single crystal in the nanomcter size rdnge. 



Nanostructured or nanoscale material Any solid material that has a nanometer 

dimension; three dimensions-particles; two dimensions-thin films; one 

dimensions-thin wire. Metals, semiconductors, ceramics belongs to this class. 

Nanophase material The same as nanostructured materiaL 

Quantum dot A particle that exhibits a size quantization effect in at least one 

dimension. 

1.4.5 Preparation of nanomaterials 

There are two general ways available to produce nanomaterials. The first 

way is to start with a bulk material and then break it into smaller pieces using 

mechanical, chemical or other form of energy (top-down). An opposite approach 

is to synthesize the material from atomic or molecular species via chemical 

reactions, allowing for the precursor particles to grow in size (bottom-up). Both 

approaches can be done in either gas, liquid, supercritical fluids, solid states, or 

in vacuum.100.104 Most of the manufacturers are interested in the ability to 

control: a) particle size b) particle shape c) size distribution d) particle 

composition e) degree of particle agglomeration. lOs
-
107 

1.4.5.1 What processes are used for bottom-up manufacturing? 108 

Methods to produce nanoparticles from atoms are chemical processes based 

on transformations in solution. E.g., sol-gel processing, chemical vapour 

deposition (CVD), plasma or flame spraying synthesis (figure 1.10), laser 

pyrolysis (figure l.l 1),!()9 atomic or molecular condensation. These chemical 

processes rely on the availability of appropriate "metal-organic" molecules as 

precursors. Sol-gel processing differs from other chemical processes due to its 

relatively low processing temperature. This makes the sol-gel process cost­

effective and versatile. In spraying processes the flow of reactants (gas, liquid in 

form of aerosols or mixtures of both) is introduced to high-energy flame produced, 

for example by plasma spraying equipment or carbon dioxide laser. The reactants 

decompose and particles are formed in a flame by homogeneous nucleation and 

growth. Rapid cooling results in the formation of nanoscale particles. 



t e are c emlca processes to maleri~lls based 0 11 transfonnations ill 

solution such as sol~gel processing, hydro or salvo thennal synthesis, metal 

organic decomposition (MOD). or in the vapour phase chemical vapour 

deposition {CVO}. Most chemical routes rely on the availability of appropriate 

"metal~organic" molecules as precursors. Among the various precursors of metal 

oxides, namely metal p-diketonates and metal carboxylates. mctal alkoxides are 

the roost versatile. They are available for nearly all elements and cost-effective 

synthesis from cbeap feedstock has been developed for some. III 

1.4.5.2 How to control tbe constructioD and growtb of tbe nanopartides 

Two general ways are available to control the formation and growth of the 

nanoparticles. One is called arrested precipitation (figure 1.12) which depends 

either on exhaustion of one of the reactants or on the introduction of the 

chemical that would block the reaction. Another method relies on a pbysical 

restriction of the volume avai lable for the growth of the individual nanoparticJes 

by using templates. 

TiCL. + 2H,O = TiO,! + 41-ICI 

Fon113tion of Ti02 nanoparticles via above reaction is shown 

schematically in figure 1.12. 

CONTAIHI/.R • 
WITH MlITAL 

Figur. 1.10 Illustration of apparatus for the synthesis of nanoparticle using an RF produced 
plasma Ifrom reference 111)' 
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Figure 1.11 Schematic view of the installation for the synthesis of nanoparticles by laser 
vapourization of metals (from reference 111) 
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Figure 1.12 Scheme of TiOl nanoparticles formation by the method of arrested precipitation 
TEM picture of Ti02 nanoparticres is shown on the left (from reference 111 ) 

1.4.5.3 Sol-gel process 

The sol gel technique is a long-established industrial process for the 

generation of colloidal nanoparticles from liquid phase, which has been further 

developed in last years for the production of advanced nanomaterials and 

coatings. m Sol-gel-processes are well adapted for oxide nanoparticles and 

composites nanopowder synthesis. The main advantages of sol-gel techniques 

for the preparation of materials are low temperature of processing. versatility. 

and flexible rheology allowing easy shaping and embedding. They offer unique 

opportunities for access to organic-inorganic matcrials.IIJ.II ~ The most commonly 

used precursors of oxides are alkoxides. due to their commercial availability and to 



the high liability of the M-OR bond allowing facile tailoring in situ during 

processing. 

1.4.5.4 Aerosol-based processes 

Aerosol-based processes are a common method for the industrial 

production of nanoparticles. Aerosols can be defined as solid or liquid particles 

in a gas phase, where the particles can range from molecules up to 1 00 ~m in 

size. Aerosols were used in industrial manufacturing long before the basic 

science and engineering of the aerosols were understood. For example, carbon 

black particles used in pigments and reinforced car tyres are produced by 

hydrocarbon combustion; titania pigment for use in paints and plastics is made 

by oxidation of titanium tetrachloride; fumed silica and titania formed from 

respective tetrachlorides by flame pyrolysis; optical fibres are manufactured by 

similar process. 

Traditionally, spraying is used either to dry wet materials or to deposit 

coatings. Spraying of the precursor chemicals onto a heated surface or into the 

hot atmosphere results in precursor pyrolysis and formation of the particles. For 

example, a room temperature electro-spraying process was developed at Oxford 

University to produce nanoparticles of compound semiconductors and some 

metals. In particular, CdS nanoparticles were produced by generating aerosol 

micro-droplets containing Cd salt in the atmosphere containing hydrogen 

sulphide. 

1.4.5.5 Chemical vapour deposition (CVD) 

CVD consists in activating a chemical reaction between the substrate 

surface and a gaseous precursor. Activation can be achieved either with 

temperature (Thermal CVD) or with a plasmall6 (pECVD: Plasma Enhanced 

Chemical Vapour Deposition). The main advantage is the nondirective aspect of 

this technology. Plasma allows decreasing significantly the process temperature 

compared to the thermal CVD process. CVD is widely used to produce carbon 

nanotube (figure 1.13). 
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Figure 1.13 Apparatus used to make metal nanoparticle by thermally decomposing solids 
consisting of metal cations and molecular anions, or metal organic solids 

1.4.5.6 Atomic or molecular condensation 

This method is used mainly for metal containing nanoparticles. A bulk 

material is heated in vacuum to produce a stream of vapourized and atomized 

matter, which is directed to a chamber containing either inert or reactive gas 

atmosphere. Rapid cooling of the metal atoms due to their collision with the gas 

molecules results in the condensation and formation of nanoparticles. If a 

reactive gas like oxygen is used then metal oxide nanoparticles are produced. 

1.4.5.7 Using gas-phase condensation to produce metal nanopowders 

The theory of gas-phase condensation for the production of metal 

nanopowders is well known, having been first reported in 1930. Gas-phase 

condensation uses a vacuum chamber that consists of a heating element, the 

metal to be made into nano-powder, powder collection equipment and 

vacuum hardware. The process utilises a gas, which is typically inert, at 

pressures high enough to promote particle formation, but low enough to 

allow the production of spherical particles. Metal is introduced onto a heated 

element and is rapidly melted. The metal is quickly taken to temperatures far 

above the melting point, but less than the boiling point, so that an adequate 

vapour pressure is achieved. Gas is continuously introduced into the chamber 



and removed by the pumps, so the gas flow moves the evaporated metal away 

from the hot element. As the gas cools the metal vapour, nanometer-sized 

particles fonn. These particles are liquid since they are still too hot to be 

solid. The liquid particles collide and coalesce in a controlled environment so 

that the particles grow to specification, remaining spherical and with smooth 

surfaces. As the liquid particles are further cooled under control, they 

become solid and !,'TOW no longer. At this point the nanoparticles are very 

reactive, so they are coated with a material that prevents further interaction 

with other particles (agglomeration) or with other materials. 

1.4.5.8 Supercritical fluid synthesis 

Methods using supercritical fluids are also powerful for the synthesis of 

nanoparticles. For these methods, the properties of a supercritical fluid (fluid 

forced into supercriticaJ state by regulating its temperature and its pressure) are 

used to form nanoparticles by a rapid expansion of a supercritical solution. 

Supercritical fluid method is currently developed at the pilot scale in a 

continuous process. 

1.4.5.9 Spinning to make thin polymer fibres 

An emerging technology for the manufacture of thin polymer fibres is 

based on the principle of spinning dilute polymer solutions in a high voltage 

electric field. Electro spinning is a process by which a suspended drop of 

polymer is charged with thousands of volts. At a characteristic voltage the 

droplet forms a Taylor cone and a fine jet of polymer releases from the surface in 

response to the tensile forces generated by interaction of an applied electric field, 

with the electrical charge carried by the jet. This produces a bundle of polymer 

fibres. The j et can be directed to a !,'Tounded surface and collected as a 

continuous web of fibres ranging in size from a few Ilm' s to less than 100 DfI1. 

1.4.5.10 Mechanical processes 

These include !,'Tinding, milling, and mechanical alloying techniques. 

Provided that one can produce a coarse powder as a feedstock, these processes 

utilize the age-old technique of physically poundin:g coarse powders into finer 



and finer ones, similar to flour mills. Today, the most common processes are 

either planetary or rotating ball mills. The advantages of these techniques are 

that they are simple, require low-cost equipment and, provided that a coarse 

feedstock powder can be made, the powder can be processed. However, there 

can be difficulties such as agglomeration of the powders, broad particle size 

distributions, contamination from the process equipment itself, and often 

difficulty in getting the very fine particle sizes with viable yields. It is commonly 

used for inorganic and metals, but not organic materials. 

1.4.5.11 Using templates to form nanoparticJes 

Any material containing regular nano-sized pores or voids can be used as a 

template to form nanoparticles. Examples of such templates include porous 

alumina, zeolites, di-block co-polymers, dendrimers, proteins and other 

molecules. The template does not have to be a 3D object. Artificial templates can 

be created on a plane surface or a gas-liquid interface by forming self-assembled 

monolayers. 

1.4.6 Characterization techniques 

It is very important to adapt and develop a range of techniques that can 

characterize the optical, structural, electronic and magnetic properties of 

nanostructured systems. 1 
17-120 The diflerent techniques are high resolution 

transmission electron microscopy (HRTEM), scanning probe microscopies 

(scanning tunneling microscopy; atomic force microscopy). X-ray diffraction 

(XRD) , X-ray photoelectron spectroscopy (XPS), X-ray absorption tine structure 

spectroscopy (EXAFS), infra red spectroscopy (lR). Nuclear magnetic resonance 

(NMR), scanning electron microscope (SEM), transmission electron microscope 

(TEM) etc. are some ofthe techniques used. 121
.
m 

1.4.7 Novel applications of nanomateriais l2.l 

Since nanomaterials possess unique, beneficial chemical, physical, and 

mechanical properties, they can be used for a wide variety of applications. These 

appEcations include, but are not limited to, the following: 



1.4.7.1 Next-generation computer chips 

The microelectronics industry has been emphasizing miniaturization, 

whereby the circuits, such as transistors, resistors, and capacitors, are reduced in 

size. By achieving a significant reduction in their size, the microprocessors, 

which contain these components, can run much faster, thereby enabling 

computations at far 1:,ITeater speeds. However, there are several technological 

impediments to these advancements, including lack of the ultrafine precursors to 

manufacture these components; poor dissipation of tremendous amount of heat 

generated by these microprocessors due to faster speeds; short mean time to 

failures (poor reliability) etc. Nanomaterials help the industry break these 

barriers down by providing the manufacturers with nanocrystalline starting 

materials, ultra-high purity materials, materials with better thermal conductivity, 

and longer-lasting, durable interconnections (connections between various 

components in the microprocessors). 

1.4.7.2 Kinetic energy (KE) penetrators with enhanced lethality 

The Department of Defense (DoD) is currently using depleted-uranium 

(DU) projectiles (penetrators) for its lethality against hardened targets and 

enemy armored vehicles. However, DU has residual radioactivity, and hence, is 

toxic (carcinogenic), explosive, and lethal to the personnel who use them. 

However, some of the important reasons for the continued use of DU penetrators 

are that they possess a unique self-sharpening mechanism on impact with a 

target, and the lack of suitable non-explosive, non-hazardous replacement for 

DU. Nanocrystalline tungsten heavy alloys lend themselves to such a self­

sharpening mechanism because of their unique defonnation characteristics, such 

as grain-boundary sliding. Hence, nanocrystalline tungsten heavy alloys and 

composites are being evaluated as potential candidates to replace DU 

penetrators. 

1.4.7.3 Better insulation materials 

Nanocrystalline materials synthesized by the sol-gel technique results in 

foam like structure called an "aerogel.!J These aerogels are porous and extremely 



lightweight; yet, they can withstand 100 times their weight. Aerogels are 

composed of three-dimensional, continuous networks of particles with air (or 

any other fluid, such as a gas) trapped at their interstices. Since they are porous 

and air is trapped at the interstices, aerogels are currently being used for 

insulation in offices, homes etc. By using aerogeIs for insulation, heating and 

cooling bills are drastically reduced, thereby saving power and reducing the 

attendant environmental pollution. They are also being used as materials for 

"smart" windows, which darken when the sun is too bright (just as in changeablc 

lenses in prescription spectacles and sunglasses) and they lighten themselves, 

when the sun is not shining too brightly. 

1.4.7.4 Phosphorus for high-definition TV 

The resolution of a television, or a monitor, depends greatly on the size of the 

pixel. These pixels are essentially made of materials called "phosphorus," which 

glow when struck by a stream of electrons inside the cathode ray tube (CRT). The 

resolution improves with a reduction in the size of the pixc1, or the phosphorus. 

Nanocrystalline zinc selenide, zinc sulfide, cadmium sulfide, and lead telluride 

synthesized by the sol-gel technique are candidates for improving the resolution of 

monitors. The use of nanophosphorus is envisioned to reduce the cost of these 

displays so as to render high-definition televisions (HDTVs) and personal 

computers aftordable to be purchased by an average household in the U. S. 

1.4.7.5 Low-cost flat panel displays 

Flat-panel displays represent a huge market in the laptop (portable) 

computers industry. However, Japan is leading this market, primarily because of 

its research and development efforts on the materials for such displays. By 

synthesizing nanocrystalline phosphorus, the resolution of these display devices 

can be greatly enhanced, and the manufacturing costs can be si~1Jljticantly 

reduced. Also, the flat-panel displays constructed out of nanomaterials possess 

much higher brightness and contrast than the conventional ones owing to their 

enhanced electrical and magnetic properties. 



1.4.7.6 Tougher and harder cutting tools 

Cutting tools made of nanocrystalline materials, such as tungsten carbide, 

tantalum carbide, and titanium carbide, are much harder, much more wear­

resistant, erosion-resistant, and last longer than their conventional (large­

grained) counterparts. They also enable the manufacturer to machine various 

materials much faster, thereby increasing productivity and significantly reducing 

manufacturing costs. Also, for the miniaturization of microelectronic circuits, the 

industry needs microdrills (drill bits with diameter less than the thickness of an 

average human hair or 100 ).lm) with enhanced edge retention and far better wear 

resistance. Since nanocrystalline carbides are much stronger, harder, and wear­

resistant, they are currently being used in these microdrills. 

1.4.7.7 Elimination of pollutants 

Nanocrystalline materials possess extremely large grain boundaries relative 

to their grain size. Hence, nanomaterials are very active in terms of their 

chemical, physical, and mechanical properties. Due to their enhanced chemical 

activity, nanomaterials can be used as catalysts to react with such noxious and 

toxic gases as carbon monoxide and nitrogen oxide in automobile catalytic 

converters and power generation equipment to prevent environmental pollution 

arising from burning gasoline and coal. 

1.4.7.8 High-power magnets 

The strength of a magnet is· measured in terms of coercivity and saturation 

magnetization values. These values increase with a decrease in the grain size and 

an increase in the specific surface area (surface area per unit volume of the 

grains) of the grains. It has been shown that ma!,'11ets made of nanocrystalline 

yttrium-samarium-cobalt grains possess very unusual magnetic properties due to 

their extremely large surface area. Typical applications for these high-power 

rare-earth mab'11ets include quieter submarines, automobile alternators, land­

based power generators, motors for ships, ultra-sensitive analytical instruments, 

and magnetic resonance imaging (MRI) in medical diagnostics. 



From the above examples, it is quite evident that nanocrystalline materials, 

synthesized by the sol-gel technique, can be used in a wide variety of new, unique 

and existing applications. It is also very evident that nanomaterials outperfonn their 

conventional counterparts because of their superior chemical, physical, and 

mechanical properties and of their exceptional formability. Table lA lists primary 

types of nanomaterials and their appl1cations. 

Table 1.4 Primary types of nanomaterials and their applications 

Type 

Nanoparticies (dots, bars, 
dendrimers, or colloids) 

.. _- --- _. ---

Quantum dots (molecular tags) 

--------_.--- --

Fullerenes 

Nanoporous materials 
. ._- ----_. 

Nanotubes (single or 
multi walled) 

Nanostructured materials 

Nanofibres 

Nanocapsules 

Nanowires 

Other 

Market 

Chemicals (e.g., cosmetics, sunscreens) 

MedicaVpharmaceutical (e.g., drug delivery, 
controlled release, drug targeting, increased 

bioavailability, cancer detection) 

Infonnation/communication (e.g., computer 
chips, semiconductors) 

Energy 
._--- --_ .. 

Automotive (e.g., lighter, stronger, and safer 
components/composites; fog and crack resistant 

coatings for windshields; self-cleaning 
windows; batteries; lubricants; catalytic 

converters; fuel cells; suspension fluids; paints; 
more adherent and longer running tyres: 

electronics. 

0erosp~c? 

Textiles (e.g., stain and wrinkle resistant; 
stronger) 

Agriculture (e.g., flavour and nutrient storage; 
food quality sensors) 

Consumer goods (e.g., disinfectant sprays, dyes, 
paints) 

Environmental (e.g., nanosponges to strip 
contaminants from waste streams or for 

remediation and drinking water purposes; air 
quality monitoring) 



1.5 Filler 

The tenn filler is usually applied to solid additives incorporated into the 

polymer to modify its physical (usually mechanical) properties.124-125 Air and 

other gases, which could be considered as filler in cellular polymers, are dealt 

with separately. A number of types of filler are generally recognized in polymer 

technology and there are summarized in fi1:,'Ure (1_14)_ 

Fillers 

I 
l l 

Particulate Rubbery Resin Fibrous Cork 

~~~~ 
Inert reinforcing Reactive Non Reactive Non Laminar Random eg: 

reactive reactiv~ wood flour 

r--~ whisl'~ 

organic In organic 

Figure 1.14 Classification of filler in polymer compounds 

Fillers or extruders as they are called in the industry are finely divided 

solids are added to polymer system to improve properties or reduce COSL126-132 

Fillers can be classified as inactive, semi-active or active. Although the 

difference between the various classes cannot be rigidly defined, the designation 

nonnally relates to the influence of the filler in the compound on viscosity, 

crystallization, and mechanical properties etc_ It is generally assumed that the 

degrees of activity depend on interaction forces between the polymer and filler. 

In plastics, fillers increase stiffness, affect electrical properties, improve 

chemical resistance and reduce cost 133-134 

1.5.1 Polymer-filler interface135 

Interfaces may arise in polymer systems for two reasons. On the one hand 

they may be the surfaces between two mutually insoluble and chemically distinct 

phases, which are at equilibrium with respect to e~ch other. On the other hand 



they may exist between two essentially miscible components, which have not yet 

reached equilibrium. 

The mechanical behaviour of the composite reflects the interaction between 

the various phases. In short if there is no binding between the two, whether 

chemical or physical, as from secondary valence forces, the material response, 

for small strains at least, will be as if the matrix contained holes of shape 

identical to that of the filler. At higher strain the deforming matrix may impress 

itself on the more rigid filler, thereby producing a mechanical friction or related 

effect, which will permit the filler to generate some growing influence on sample 

response. If there is adhesion between the two phases then even at low strains 

stress transfer can take place across the interface, thus allowing the filler to share 

the stress and by so doing, provide a reinforcing effect. If the interface is very 

rigid because of very strong interaction, a possibility arises of deterioration in 

some properties, which require some interface flexibility in order perhaps to 

dissipate excess energy. 

1.6 Polymer crystallization and nucleating agents 

Nucleation mechanisms for semi crystalline polymers have a sih'l1iticant 

influence on the morphology of the crystalline phase. The number and size 

distribution of nucleation sites affect product performance. In many cases, when 

there is a deliberate attempt to control polymer properties by manipulating 

morphology, nucleating agents are used. There are a few hundred publications in 

the research literature that focus on polymer crystallization via organic 136 and 

inorganic 137 nucleating agents. However, there are only 10-\5 invest igations 

based on nanoseale-size nucleating agents for polymers, in general, and even 

fewer that employ nanopartic1es of zinc oxide. m The most common polymers 

whose crystallization kinetics have been enhanced by nucleating agents are 

0) isotaetie polypropylene (iPP), (ii) poly (ethylene terephlhalate) (PET), and 

(Hi) nylon 6. Several hundred publications discuss nucleation in polypropylene, 

but there are more than order-of magnitude fewer that employ inorganic 

nucleating agents. 



The use of inorganic nanoparticle nucleating agents for iPP is extremely 

rare. 139 Zhang et al. 140 studied the mechanical properties and crystallization 

behaviour of isotactic polypropylene composites with crosslinked styrene­

butadiene nanopartic1es that contain sodium benzoate. The stiffness of these 

nanocomposites is enhanced because the nucleation density is higher and the 

crystallization kinetics of iPP proceed faster in the presence of ultrafine 

elastomeric particles with lenbrth scales below 100 run. Gui et al. 141 report that 

0.8 wt% of an organic phosphorus nucleating agent dispersed in iPP increases 

the calculated nucleation density by six orders of magnitude, and the 

crystallization temperature is enhanced by 12 "C. Hydrophobic nano-silicates 

with good wettability and dispersion characteristics enhance thermal stability, 

reinforce mechanical properties and increase the crystallization temperature of 

poly( ethylene terephthalate ).142 However, hydrophilic nano-silicates in PET, 

which also increase its crystallization temperature, induce shear-thinning 

behaviour at very low frequencies in dynamic rheometry and function as 
• • J 142 VISCoslty-reClucers. 

Nucleating agents can be classified as natural 143 or synthetic. 144 In most 

cases, dibenzylidene sorbitol and 3,4- dimcthyldibenzylidene sorbitol, at 

concentrations between 0.5 and 1.5 wt%, increase the rate of polymer 

crystallization and the temperature at which the maximum rate of 

crystallization occurs upon cooling from the molten state. Organocarboxylic 

acids function as nucleating agents for polyolefins because their polar groups 

make them insoluble in the molten polymer, and their organic groups provide 

the necessary wetting characteristics that are required when a foreign surface 

is implanted in the molten polymer. Molecular interactions between the 

polymer and the surface of the nucleating agent must be operative to increase 

the rate of crystallization and the temperature at which the maximum rate 

occurs upon cooling from the molten state.145-147 These polymer-surface 

interactions reduce the interfacial free energy barrier for spontaneous 

nucleation and growth of a birefringent dendritic phase in the molten 



polymer. When the nucleation induction period is shorter and the number of 

primary nucleation sites increases, the overall rate of crystallization 

increases. Heterogeneous nucleating agents have been used industrially to 

reduce process cycle times, induce crystallization at smaller degrees of 

supercooling (i.e., T melt to TCryslallization), and produce translucent materials 

with smaller crystallite sizes. 148 Several classes of inorganic compounds can 

be employed as nucleating agentsI49-150, but the oxides of aluminum (AI 20 3), 

calcium (CaO), silicon (Si02), titanium (Ti02), and zinc (ZnO) are most 

useful. Both micro- and nanoscale-size zinc oxides function as inorganic 

supports for organic nucleating agents. Typical organic nucleating agents for 

semicrystalline polymers are based on the modification of sorbitol. 144. 

Shepard et al.,sl found that dibenzylidene sorbitol (DBS) undergoes self­

assembly and promotes the formation of spherulites in commercially 

important polyolefins, such as polypropylene. Feng et al. 152 investigated 

isothermal and nonisothermal crystallization kinetics of virgin and DBS­

nucleated isotactic polypropylene. 

1.7 Chitin and chitosan 

Nature has chosen two different but related polysaccharides to provide 

structure and integrity to plants and animals like crustaceans and insects. Plants 

have cellulose in their walls while insects and crustaceans have chitin in their 

shells. Cellulose molecules are large chains of glucose units while chitin 

molecules are large chains of N-acetyl glucosamine units. Cellulose and chit in 

are two kinds of the most abundant biopolymers on earth. Chitin is a highly 

insoluble material resembling cellulose in its solubility and chemical reactivity. 

It may be regarded as cellulose with hydroxyl at position C-2 replaced by 

acetamido groups. The principle derivative of chitin is chitosan.15~ It is formed 

through N-deacetylation of the chitin molecule. The structure of chitin, chitosan 

and cellulose are shown in figure 1.15. 
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Figure 1.15 Structure of chit in, chitosan and cellulose 

Thus chi6n is a nitrogenous polysaccharide, which is white, hard and 

inelastic. It is found in the outer skeleton of insects, crab, shrimp and lobsters 

and in the internal structure of other vertebrate. 154 

Chitin has a crystalline structure and it constitutes a network of organized 

fibres. Chitosan also occurs naturally in some fungi but its occurrence is much 

less widespread than that of chitin. 155 

1.7.1 Physiochemical characteristics of chitosan 

Most of the naturally occurring polysaccharides such as cellulose, dextran, 

pectin, agar etc. are neutral or acidic in nature, while chitin and chitosan are 

highly basic polysaccharides. Their unique properties include polyoxysalt 

fonnation, ability to fonn films, chelate metal ions and optical structural 

characteristics. 

1. 7 .1.1 Degree of N-acetylation 

Chitosan is characterized by either the degree of acetylation (DA), which 

corresponds to the N-acetylamine !,'TOUpS or the degree of deacetylation DDA 

(DDA = lOO-DA), D-glucosamine groups. The degree of acetylation has an 



influence on all the physicochemical properties (molecular weight, viscosity, 

solubility etc.). Many techniques have been tried to determine the degree of 

acetylation more precisely, which include· IR spectroscopy, pyrolysis gas 

chromatography, gel permeation chromatography and UV spectrophotometry. 

The most appropriate technique for rapid characterization seems to be IR 

spectroscopy, 

1.7.1.2 Molecular weight 

The knowledge of average molecular weight of chitin and chitosan is very 

important for industrial uses and for critical applications fields. Although the 

primary structure of chitosan comprises a backbone of (1-4)-(3-D-glucosamine 

residues randomly acetylated to various extents, the name chit os an is in fact a 

collective term for deacetylated chitin differing in terms of crystallinity, optical 

characteristics, degree of deacetylation, impurity content and average molecular 

weight. Chitosan molecular weight distribution has been obtained using HPLC. 

Viscosity measurements are widely used. More recently gel permeation 

chromatography (GPC) or gel filtration chromatography (GFC) has been applied 

to study the molecular weight. 

1.7.1.3 Solubility 

Chitin is highly hydrophobic in nature and is insoluble in common organic 

solvents as well. Tt is soluble in hexafluoroisoproponol, hexaflouroacetone, 

chloroalcohol in conjugation with aqueous solution of mineral acids and 

dimethyl acetamide containing 5 % lithium chloridc. Chitosan, the deacetylated 

product of chitin, is soluble in dilute acids like acetic acid, formic acids etc. 

Hydrolysis of chitin with concentrated acids produces relatively pure amino 

sugars, D-glucosamine. The nitrogen content in chitin varies from 5 to 8 % 

depending on the extent of deacetylalion. 

In fact, chitosan is soluble in dilute acids on account of protonation of free 

amino groups. As in all polyelectrolytes, thc dissociation constant of chitosan is 

not constant but depends on the degree of dissociation at which it is determined. 

The solubility of chitosan depends on its degree of dissociation. 



1.7.1.4 Crystallinity 

On the basis of the crystalline structures, chitin is classified into three 

fOTIns: a, 13 and r -chitins (hydrated, anhydrous crystal, and non-crystal). These 

fOTIns can be examined easily by measuring the X-ray powder diffraction pattem 

of a chitosan sample. The modified forms of chitosan are less crystalline than 

pure deacetylated chitosan. 

1.7.2 Application areas of chitin and chitosan 

The driving force for much of the excitement surrounding chitin and 

chitosan are the potential applications that the material can be used for. Table 1.5 

lists potential applications for chitin, chitosan and their derivatives. 

Table 1.5 Potential applications for chit in, chitosan and their derivatives 

Application 

Water treatment 

Agriculture 

Textile, paper 
industry 

Biotechnology 

Food/health 
supplements 

Cosmetics 

Biomedical 

Specific use 

Coagulating agents for polluted water, removal of metal ions 

Plant elicitor, antimicrobial agents, plant seed coating 

Fibres for textile and woven fabrics, paper and film 
industry 

Chromatoh'Taphy, packing, enzyme immobilizing 
material 

Natural thickeners, food additives, filtration and 
clarification, hypocholesteromic agents (slimming 

agents) 

Ingredients for hair and skin care 

Wound dressings, absorbable sutures, anticoah'1lIant or 
anti thrombogenic matenals, homeostatrc agents, drug 

delivery, gene delivery 

1.8 Thermoplastic nanocomposites 

1.8.1 PET nanocomposites 

Poly (ethylene terephthalate) (PET) is one of the most extensively used 

thermoplastic polyesters, which has assumed a role of primacy in fibres, films, 

packaging and moulding materials. I5o
.
m Due to its performance characteristics 



such as hardness, clarity, wear-resistance, dimensional stability, resistance to 

chemicals etc. PET has worldwide consumption next only to polyolefines. As 

compared to poly (butylene terephthalate) (PBT), the slower crystallization of 

PET limits its usage in engineering applications which require fast crystallization 

for low cycle time for injection moulding. Enhancement of crystallization rate of 

PET is generally achieved through the addition of minerals such as talc or 

organic acid salts such as sodium benzoate. Other nucleating agents that have 

been mentioned in the literature include metal oxides and hydrides, residual 

catalysts and diamide segments. 159-161 Several workers have reported the use of 

nanoparticles, such as organically modified nanoclays as crystallization 

fi . f 1 162-163'I'h' h d hI' f promoters or a vanety 0 po ymers. IS as prompte t e cva uatlOn 0 

nanoclays for crystallization enhancement in PET also. I04 Non isothermal 

crystallization behaviour of PET on adding SWNTs is shown in figure 1.16. J 65 
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Figure 1.16 Non isothermal crystallization behaviour of PET /SWNT s nanocomposites 
(taken from ref. 165) 

Barium sulphate, silica, clay etc. are used for reinforcement for PET matrix.lfJo.l6R 

1.8.2 PA 6 nanocomposites 

Among the thermoplastic polymers, nylon 6 is one of the few that has met 

with commercial success and thus many investigators reported on clay-based 

nanocomposites with nylon 6.66
.
67

, 169-171 The main applications of PA 6 are in 

fibres, films and as injection-moulded engineering plastic. 172
- 175 The mechanical 



properties and the crystallization rate can be modified by the addition of 

inorganic fillers. 176 Fillers widely used are calcium carbonate, talc, silica, clay, 

glass fibre etc. that play an important role in the plastics filler market. 177-181 The 

influence of these fillers on the polyamide strongly depends on their shape, 

particle size, distribution and surface characteristics. Structure-property 

relationship of PA 6/attapulgite nanocomposite was reported by Shen et al. 182 

1.8.3 PC nanocomposites 

Amorphous polycarbonate (PC) is one of the most important engineering 

thermoplastics used in a wide variety of applications, distinguished by its 

versatile combination of toughness, transparency, heat resistance. jg3 PC was 

modified in many different ways, particularly by blending with poJyolefin resin 

such as polyethylene (PE), polypropylene (PP) for use in demanding applications 

when its outstanding notched impact strength is important.184-186 Unfortunately, 

the enhancement of the toughness is obtained at the expense of the strength and 

thermal resistance. In principle, addition of well-dispersed nanofillers of layered 

silicate clay to PC could improve stiffness, modulus, and heat resistance, which 

makes a compelling case for exploring PC nanocomposites, particularly if 

toughness is needed to be preserved. lH
? PC-ZnO nanocomposites containing 0.1, 

0.5, 1 or 5 wt% nanoparticles have been prepared by milling and injection 

moulding. 188 PC + 0.5 % ZnO presents a higher modulus and similar tensile 

strength compared to neat PC, with a 74 % reduction in the elongation at break. 

A ZnO concentration of I wt% dramatically reduces both the tensile strength and 

the elongation at break of Pc. A 0.5 wt% proportion of ZnO nanoparticles 

increases hardness and reduces the wear rate with respect to neat Pc. 

1.8.4 pp nanocomposites 

Filled polypropylenes are important commercial materials; widely used in large 

quantities in different application segments. WI The most common reinforcements 

that are used in polypropylene are wollastonite, talc, mica, silica, and calcium 

carbonate, in amounts of 10-40 % by weight. Experimental work on polymer 

composites indicates large improvements in mechanical properties, such as tensile 



'sn.d flexural modulus, impact resistance, as well as outstanding barrier properties, 

flame retardancy, resistance to heat deformation or distortion.190-198 In addition, large 

influences on crystallization process, degree of crystallinity, and nucleation have 

been reported: ceramic reinforcements can increase the starting crystallization 

temperature of a thermoplastic polymer,199-203 inducing shorter processing times in 

. 204 11 h' h 11" 1 I ]99-20] 20'; A d" 1 injection mouldmg, as we as 19 er crysta lmty eve s. . ,- s a ra lca 

alternative to conventional micro- filled polymers, new materials based on 

. ti I . I . I ' . h b d 206-212 A nanometer sIzed 11 er partlc es III po ymenc matnces ave een propose . s 

well known, composite properties are strongly influenced by the nature and extent of 

the interface, hence, having nanoparticles a high surface to volume ratio, nanofillers 

allow to largely improve material properties, compared to conventional 

microdimensioned fillers.m The properties of nanocomposites can be also affected 

by the shape of the reinforcement, as well as by the coupling agent used.2J4-2!5 The 

use of either spherical or elongated nanopartic1es, that have different aspect mtio, is 

expected to differently influence many physical properties of the final material, such 

as permeability to gases, thermal and mechanical behaviour etc. Preliminary analysis 

revealed that, in isotactic poJypropylene/calcium carbonate nanocomposites, the 

addition of CaC03 nanoparticles coated with a poJypropyJene-g-maleic anhydride 

copolymer causes an increase in the glass tmnsition tempemture and a better thermal 

stability of the material. The presence of the nanotiller also induces crystallization to 

start at higher temperatures when at least 3 % CaCO~ is added to iPP, the effect 

being slightly dependent on the aspect ratio of CaC03 nanoparticles,216 The most 

n1 d fill >: pp I . b 1 217-224 N 'J' commo y use I ers lor are ca ClUm car onate or c ay. anOSl Ica 

provided effective reinforcement to pp matrix. 225 

1.8.5 HDPE nanocomposites 

High-density polyethylene (HDPE) is considered a prImary material in the 

materials substitution chain because of availability and recyclability. The perfonnance 

criterion to encourage the application of HDPE requires superior modulus and yield 

strength in conjunction with high-impact strength. A substantial enhancement in 

mechanical properties (modulus, yield strength, and toughness) of thennoplastic 



materials can be realized by reinforcement with inorganic minerals including taic,nf>-

227, mica,m wollastonite,229-231 glass bead 232 and calcium carbonate. 233-242 In polymer 

(polyethy\ene}-clay nanocomposite the clay particles are about the same size as the 

polymer molecules themselves, which enables them to be intimately mixed and 

chemically bonded to each other. The improvement in mechanical properties such as 

tensile strength, tensile modulus,243.249 decreased thermal expansion coefficient, 

increased solvent resistance, outstanding diffusion barrier properties and flame 

retardant capability 250-251 are a few selected examples of the advantages provided by 

this new class of materials. The presence of nanoparticles generally improves the 

elastic modulus, and does not significantly influence the rheological and processing 

behaviour and the optical properties of the polymer matrix.252
-
253 

1.8.6 PS nanocomposites 

There are a number of studies m which polystyrene (PS) was used as 

nanocomposite matrix. Most of these investigations concerned organoclays.254-259 

However, metals260-261 metal sulfides (CdS),262-263 a metal oxide,264 nanotubes/65 

Si02,266 and graphite267 are also mentioned. The common conclusion that can be 

drawn from these studies is that the polymer matrix is sih'11ificantly affected by 

the presence of nanofilIers. Nevertheless, depending on the particle dimensions, 

shape and chemical structure different properties will arise. 

1.9 Importance of Zn0268 

Perhaps the most common use of zinc is for healing and protecting the skin. 

Zinc oxide has been used for generations to soothe diaper rash and relieve 

itching. Zinc oxide is a natural sunscreen, protecting chapped lips and skin from 

the sun's UV rays. Zinc sultate can be taken oraIly to effectively treat acne, while 

it also comes in a topical form to improve healing of wounds caused by surgical 

incisions, burns or other skin irritations. Zinc alleviates sunburn and blisters and 

can also be used as an anti-inflammatory. 

1.9.1 Rubber 

The rubber industry, in its development over the past one hundred years, 

has utilized an increasing number of the many optical, physical and chemical 



properties of ZnO. ZnO proved the most effective activator to speed up the rate 

of cure with the new accelerators. Heavy-duty pneumatic tyres carry high 

loadings of ZnO for heat conductivity as well as reinforcement since heat­

buildup is critical at their higher operating speeds compared with their solid­

rubber counterparts. 

1.9.1.1 Activation 

In the curing process for natural rubber and most types of synthetic rubbers, 

the chemical reactivity of ZnO is utilized to activate the organic accelerator. 

The unreacted portion of the ZnO remains available as a basic reserve to 

neutralize the sulfur-bearing acidic decomposition products fOnlled during 

vulcanization. Adequate levels of ZnO contribute markedly to chemical 

reinforcement; scorch control, and resistance to heat-ageing and compression 

fatigue. 

1.9.1.2 Acceleration 

Zinc oxide serves as the accelerator with some types of elastomcr and the 

crosslinking, which it induces, takes several fODns. With some systems, ZnO is 

an effective co-accelerator in the vulcanization process. 

1.9.1.3 Biochemical activity 

ZnO is useful in the preservation of plantation latex as it reacts with the 

enzyme responsible for the decomposition. The oxide is also a fungistat, 

inhibiting the growth of such fungi as mold and mildew. 

1.9.1.4 Dielectric strength 

In high-voltage wire and cable insulation, ZnO improves the resistance to 

corona effects by its dielectric strength, and at elevated operating temperatures it 

contributes to maintenance of the physical properties of the rubber compound by 

neutralization of acidic decomposition product. 



1.9.1.5 Heat stabilization 

ZnO similarly retards devulcanization of many types of rubber compounds 

operating at elevated temperatures. 

1.9.1.6 Latex gelation 

In the production of latex foam rubber products, ZnO is particularly 

effective in gelation of the foam with sufficient stability. 

1.9.1.7 Ught stabilization 

ZnO is outstanding among white pigments and extenders for its absorption 

of ultraviolet rays. Thus, it serves as an effective stabilizer of white and tinted 

rubber compounds under prolonged exposure to the destructive rays of the sun. 

1.9.1.8 Pigmentation 

Through its high brightness, refractive index, and optimum particle size, 

ZnO provides a high degree of whiteness and tinting strenb>th for such rubber 

products as tyre sidewalls, sheeting and surgical gloves. 

1.9.1.9 Reinforcement 

ZnO provides reinforcement in natural rubber, and in some synthetic 

elastomers such as polysulfides and chloroprenes. The de&rree of reinforcement 

appears to depend upon a combination of the particle size of the oxide, the finest 

size being the most effective, and the reactivity of the oxide with the rubber. 

Under such service condition involving rapid flexing or compression, ZnO 

also provides heat conduction to more rapidly dissipate the heat and thereby 

provides lower operating temperatures. In addition, it imparts heat stabilization 

by reacting with acidic decomposition products. 

1.9.1.10 Rubber- metal bonding 

In the bonding of rubber to brass, ZnO reacts with copper oxide on the 

brass surface to form a tightly adhering zinc-copper salt. 



1.9.1.11 Tack retention 

One of the unique properties of ZnO is its ability to retain over many 

months of shelf -storage the tack of uncured rubber compounds for adhesive 

tapes. 

French process ZnO impart heat-ageing resistance supenor to that of 

American-process ZnO. The former type, being suI fur-free, has a higher pH and, 

thus, can neutralize more effectively the acidic decomposition products fonned 

during ageing. Moreover, the finer French-process ZnO prove superior to coarser 

grades in heat-ageing resistance. 

1.9.2 Plastics 

Zinc compounds can provide a variety of properties in the plastics field. 

Heat resistance and mechanical strength are imparted to acrylic composites by 

ZnO. ZnO contributes to the fonnation and cure of epoxide resin. Addition of 

Zno to epoxy resins cured with aliphatic polyamines imparts higher tensile 

strength and water resistance. ZnO imparts fire-resistant properties to nylon 

fibres and mouldings. ZnO is also useful in the preparation of nylon polymers 

and in increasing their resistance. The fomlation of polyesters in the presence of 

ZnO imparts higher viscosity and other improvements. ZnO reacts with 

unsaturated polyesters to fonn higher viscosity and a thixotropic body. The 

dyeability of polyester fibres is improved by ZnO. ZnO mixtures stabilize 

polyethylene against ageing and ultraviolet radiation. ZnO increases the 

transparency of poly (chlorofluoroethylcne) moulding resin. Poiyolctin's are 

improved in colour, tensile strength, and vulcanization properties by addition of 

ZnO. Thermal stabilization of PVC is effected by ZnO. Antistatic, fungi static 

and emulsion stability are additional properties imparted to vinyl polymers by 

ZnO. 

Applications m development for ZnO-stabilized polypropylcne and 

high-density polyethylene include safety helmets, stadium seating, insulation, 

pallets, bags, fibre and filament, agricultural and recreational equipment. 



1.9.3 Ceramics 

The properties imparted by ZnO to some of the newer applications are as 

electronic glass, low-melting glass for metal-to-glass seals, thermistors for 

use as lighting arresters and devitrified glasses of low thermal expansion. 

ZnO imparts a unique combination of properties when used in glass. ZnO 

reduces the coefficient of thermal expansion, imparts high brilliance and luster 

and high stability against deformation under stress. As a replacement flux for the 

more soluble constituents, it provides a viscosity curve of lower slope. The 

specific heat is decreased and the conductivity increased by the substitution of 

ZnO for BaO and PbO. 

1.9.4 Pharmaceutical industry 

ZnO is mainly used in zinc soap, ointment, dental inlays, food powders etc. 

ZnO forms an indispensable element of the production process of this industry. 

1.9.5 Cosmetics 

The optical and biochemical properties of ZnO and its derivatives impart 

special features to a variety of cosmetic preparations for care of the hair and 

skin. In powders and creams it protects the skin by absorbing the ultraviolet 

sunbum rays; in burn ointments it aids healing. 

Simple salts of zinc provide astringent and skin-conditioning properties to 

creams, while more complex salts furnish fungistatic properties which contribute 

to the effectiveness of deodorants, soaps, and antidandruff preparations. 

1.9.6 Adhesives, mastics, sealants 

ZnO has long been a major constituent of surgical and industrial tapes 

based on natural or synthetic rubber as it is outstanding in retention of tack 

during shelf-ageing. 

Neoprene adhesives are improved by the addition of both Phenolic resins 

and zinc compounds (including ZnO), the reaction products imparting special 



&pcoperties such as high heat resistance, high bond strength, improved peel and 

shear - stress resistance, and stability to settling of neoprene solution adhesives. 

1.9.7 Photocopying 

Some of the unique electronic properties of ZnO are distinctively utilized in 

the photocopying process. For use in that process, ZnO is increased in 

photoconductivity and semiconductor properties by special heat and/or doping 

treatments (addition of foreign elements). Also, ZnO is greatly modified in 

optical properties to increase its absorption of light rays in the visible region. 

This process known as sensitization is generally carried out by addition to 

certain dyes, which are absorbed on the surface of the ZnO. 

Commercial ZnO for photocopying is generally produced from metallic 

zinc, rather than ore, to obtain a product of higher purity. 

1.9.8 Lubricants 

In the research and development of improved lubricants over the past two 

decades, ZnO and its derivatives have been intently studied. ZII1C 

dithiophosphates which are prepared by reacting ZnO with organic phosphates, 

are used in substantial quantities as additives to lubricating oils for automotive 

engines, to reduce oxidation corrosion and wear. ZnO has been found to 

contribute special properties in many types of lubricants, such as extreme­

pressure lubricants, seizure-resistant lubricants, and greases. Improved adhesion 

is another feature which ZnO contributes. 

ZnO imparts special properties to greases and other variety of lubricants. 

Such greases are useful in the lubrication of food-processing equipment. 

1.9.9 Paints 

Zinc oxide in organic coatings provides a broad spectrum of properties: 

optical, chemical, biochemical and physical. Over the past century the paint 

industry, in its constant development of improved products, has utilized various 

aspects of those properties to high degree. 



Manufacturers discovered that they could produce coatings of brushing 

consistency and good suspension properties by incorporation of ZnO into their 

pastes. Painters noted that they furnished better hiding power, whiteness, cleaner 

tints, tint retention, and durability as well as non darkening in the presence of 

sulfur fumes. French-process ZnO has been proved superior to American­

process type in funb'1lS resistance and less sulfide staining. 

1.9.9.1 Metal-protective coatings 

Zinc metal powder (zinc dust) and zinc compounds have long been utilized 

for their anticorrosive properties in metal-protective coatings, and today they are 

the basis of such important especially metal primers as zinc chromate primers. 

Zinc dust- ZnO paints are especially useful as primers for new or weathered 

galvanised iron. Such surfaces are difticult to protect because their reactivity 

with organic coatings leads to brittleness and lack of adhesion. Zinc dust- ZnO 

paints however, retain their t1exibility and adherence on such surfaces for many 

years. Zinc dust- ZnO paints also provide excellent protection to steel structures 

under normal atmospheric conditions, as well as to steel surfaces in such under­

water conditions as dam faces and the interior of fresh water tanks. 

1.9.10 Cigarette filters 

ZnO as a constituent of cigarette filters is effective in removal of selected 

ingredients from tobacco smoke. A filter consisting of charcoal impregnated 

with ZnO and iron oxide removes significant amounts of HeN and H2S from 

tobacco smoke without affecting its flavour. 

1.9.11 Sulfur removal 

ZnO is effective in removal of suI fur and sulfur compounds from a variety 

of fluids and gases, particularly industrial flue gases. Zinc is also effective in 

removal of H2S from hydrocarbon gases and for desulfurization of H2S and 

certain other sulfur-containing compounds. 



1.9.12 Foods and food packaging materials 

ZnO and its derivatives contributing special fungi-static and chemical 

properties to the processing and packaging of various animal and vegetable 

products. 

In the packaging of meat, fish, corn and peas, for examples, ZnO has long 

been incorporated into the varnish linings of the metal containers to prevent 

formation of black suI fides which discolour the food. 

1.9.13 Fire retardants 

ZnO and its derivatives were used extensively in fire retardants for the 

military in World War II and those zinc compounds have since been the subject 

of extensive research and development for preparation of fire-retardant 

compositions for a variety of substances. 

Solutions for fireproofing textiles contain ZnO, boric acid, and ammonia in 

various proportions. It deposits water-insoluble zinc borate on the fibres. 

1.9.14 Ferrites 

ZnO continues as an essential ingredient in the "soft" type of ferromagnetic 

materials for television, radio, and tele-col11munication applications. In these 

fields ferrites based on magnetite, nickel oxide and ZnO are used as elements in 

many types of electronic devices. 

Numerous electronic instruments for the consumer market utilize 

fen-ites to impart specific functions. In portable and car radios, the antenna 

cores are fen-ites designed to provide highly selective tuning. Television 

pict~re tubes constitute a major market for ferrites, particularly for use in f1y 

back transformers and deflection yokes. In the communications area, ferrites 

are extensively used in the filter inductors of telephone circuits to permit 

precise inductance adjustment for the purpose of separating channels. 

Magnetic tape for recorders is improved by use of a magnetite precipitated in 

the presence of ZnO. 



1.9.15 Batteries, fuel cells, photocells 

ZnO is used in zinc-carbon dry cells, zinc-silver oxide batteries, nickel 

oxide-cadmium batteries and even in secondary batteries. In fuel cells, ZnO 

is used as electrode material, cathodic material and as a fuel element. And in 

solar energy cells, it can act as a photocatalyst. Puri fication of motor car 

exhaust gases is currently the subject of extensive research, and zinc oxide is 

already demonstrating its catalytic properties in some of those programs. 

1.9.16 Thermoelements 

ZnO plays an important role in semiconductor ceramic elements for 

operation at elevated temperatures or high voltages. Such thermoelements can be 

produced to cover a broad range of thermal and electrical properties. 

Varistors are composed of semiconductor ZnO modified by other oxides. 

Developed for use as lightning arrestors and high-voltage surge arrestors in 

electric transmission lines, they are based on a unique electronic property of 

semiconductor ZnO, nonlinear resistance. Zno varistors have high-temperature 

stability and resistance to humidity, electrical load, and current shocks. 

1.9.17 Silicate compositions 

ZnO reacts with aqueous solutions of silicates, such as sodium silicate 

solutions (commonly known as water glass) to form zinc silicate, a waterproof, 

fireproof refractory material, which is useful as a binder in paints. Such 

refractory adhesives are used in bonding asbestos-cement moulded products to 

building structures. 

1.9.18 Fungicides 

ZnO and its derivatives contribute effectively to the control of fungi in 

many different types of applications. ZnO is not a fungicide; rather it is a 

fungistat, that is, it inhibits the growth of fungi, such as mildew on the surface of 

exterior house paints. This property is also used to particular advantage in the 

fortifying of fungicides; ZnO is added to fungicides to increase their 

effectiveness in specific applications. 



1.9.19 Ponland cement 

The beneficial effects of ZnO additions to port land cement have long been 

known-retardation of setting and hardening (to reduce the rate of heat evolution), 

improvement in whiteness and final strength. 

1.10 Zinc oxide based nanocomposites 

There are limited publications in the research literature that focus on the 

zinc oxide based nanocomposites. Owing to the recent commercial availability 

of nanoparticJes, the outlook for composite materials with new or modified 

physical properties became even brighter. Nanoscale fillers are different from 

bulk materials and conventional micron-size fillers due to their small size and 

corresponding increase in surface area, It is expected that the addition of 

nanopartic1es into polymers would lead to unprecedented ability to control the 

electrical properties of filled polymers.269
•
270 Hong et al. prepared ZnOILDPE 

nanocomposites and st udied the dielectric properties.m SEM images of the 

ZnO/LDPE nanocomposites are shown in figure 1.17. Good dispersion of 

nanoparticJes in the LDPE matrix is confirmed from no observation of 

nanopartic1e agglomeration, 

Figur. 1.17 SEM image of ZnO/LDPE nanocomposite (taken from reference 27 t I 



--PliiIMAJ:Z,nl(O nanocomposiles via in-situ polymerizat1on method were 

reported by Peng liu et aJ.2n TEM image. of ZoO nanoparticies in PMMA is 

shown in figure 1.1 8. 

Figur. 1.18 TEM image of ZoO nanoparticles in PMMA 
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Figure 1.19 TGA curves 

The TGA curves of the pure PMMA, PMMA/ZnO (I) (5.0 % weight ZnO 

added), and PMMAlZnO (2) (10.0 % weight ZnO added) are shown in tigure 

1.19. The pure PMMA decomposed completely at about 400 0c. However, 

PMMA/ZnO (I) and PMMAlZnO (2) remained more than 30 % and 50 % at this 

temperature. respectively. It could be concluded that the additi on of the 



nanoparticles had improved the thermal properties of the nanocomposites 

obtained and the improvement depends on the amounts of nanoparticIes added. 

The bulk polymerization of MMA in the presence of up to I I wt% of 

nanosized ZnO particles give access to composite materials, which showed an 

improved resistance to thermal degradation in comparison to the blends of PMMA 

with the same Zno particles.273 A study on photodegradation of ZnO filled 

polypropylene was done by Zhao et al. 274 They reported an improvement in 

crystallization, mechanical and dynamic mechanical characteristics of PP/ZnO 

nanocomposites. Electrical properties of LDPFJZnO nanocomposites were studied 

and the results showed that dielectric constant of the composites reinforced with 

micro- and nanoparticles increased almost linearly with increasing ZOO volume 

content. 275 The effect of thermal treatment on electrical properties of LDPFJ ZnO 

nanocomposites were analyzed and the results showed that thermal treatments 

exerted a pronounced effect. 276 The effect of ZnO particles on polystyrene matrix 

was investigated.277 They found an improvement in flexural strength and modulus 

and the glass transition temperature of ZOO/ PS nanocomposite increased with 

ZoO content. Zheng et a1.278 investigated the structure and morphology of the 

polyamide 6/ZnO nanocomposites. They reported that the ZoO nanoparticle can 

induce the crystallization of the y-crystalline form PA 6 from the melt and during 

the annealing of the amorphous solid. Li et al.27'l reported transparent ZnO/epoxy 

nanocomposites with high visible light transparency and high UV light shielding 

efficiency. Poly (styrene butylacrylate) latex/nano ZnO composites were 

prepared.280 The tensile strength, UV and NIR shielding properties of the 

nanocomposite polymers increased. and the T g first increased and then decreased, 

with increasing ZnO content. Dong et al.281 investigated effects of ZOO 

nanoparticles on the physical properties of polyacrylonitrile (PAN). The 

incorporation of ZOO nanoparticles decreased the crystallization temperature (T,) 

from 285 to 272 °c and increased the heat of crytallization. This suggested that 

ZnO nanoparticles accelerate crystallization through heterogeneous nucleation and 

increased the degree of crystallinity. There was an improvement in thernIal 



stability of PAN and introduction of ZnO nanoparticles increased the tensile 

modulus but reduced the toughness of PAN. 

The extent of reinforcement depends on factors such as particle size, size 

distribution, aspect ratio, degree of dispersion and orientation in the matrix, and 

the adhesion at the filler-matrix interface.282 

1.11 Scope and objectives of the present work 

The addition of nano fillers to polymers can have a dramatic effect on the 

properties of polymers as compared to micro scale fillers. Large part of this 

effect is due to the small size and the large surface area of nano scaJe fillers. The 

control of particle size, morphology and crystallinity of the particles during the 

preparation is essential to achieve the key properties. The search of novel 

methods to synthesize nano materials with controlled particle size and 

morphology still remains a challenge. 

Many nano sized metal oxides such as Si02, Ti02, AlzOJ , V 205 and ZnO 

have been synthesized on commercial scale. Compared to macro metal oxides, 

because of the unique morphologies that impart remarkable surface chemistry, 

nano sized materials can be used for any number of diverse applications ranging 

from remediation of hazardous chemical waste to increase the tensile strength of 

polymers. Among the metal oxides mentioned above, ZnO nano powder is one 

of the most attractive materials, because of their excellent pcrfoDl13ncc in fields 

such as high corrosion resistant nano coating, highly transparent composites, 

semiconductors, cosmetics, sensors etc. 

Various synthesis routes have been developed in recent years for the 

preparation of nanoparticles. One of those methods is polymer induced 

crystallization. The first objective of the present work was to prepare nano ZnO 

powder by polymer induced crystallization in chitosan solution and to 

characterize the material using different techniques like TEM, SEM, XRD, 

FTLR, UV spectroscopy, TGA, DSC etc. 



The second object of the study is to prepare composites using nano ZnO. It 

has been undertaken to explore the potential of nano ZnO as reinforcement in 

engineering as well as commodity thermoplastics to widen their application 

spectra. We selected three engineering thermoplastics like [poly ethylene 

terephthalate, polyamide 6, and polycarbonat~] and three commodity plastics 

like [polypropylene, high density polyethylene, and polystyrene] for the study. 

To date one of the few disadvantages associated with nanoparticle incorporation 

has concerned toughness and impact performance. Modification of polymers 

could reduce impact performance. The present study also focused on whether 

nano ZnO can act as a modifier for thennoplastics, without sacrificing their 

impact strength. The salient objectives of the current research are: 

a To disperse nano ZnO in polymer matrices 

b To investigate the effect of nano ZnO on the crystallization, mechanical, 

dynamic mechanical, rheological and thermal characteristics of 

polymers 

c To compare the performance of nano ZnO composites with those of 

commercial ZnO composites. 
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C1Ilptpbr 2 

Abstract 

This chapter gives a brief description of the materials and methods 

usedfor the preparation of composites. The polymers lIsed jor the 

preparation of composites have also been discussed. A brief 

description about the different analytical techniques used for the 

characterization of composites is also given in this chapter. 



2.1 Polymers 

2.1.1 Polyethylene terephthalate (PET) having 0.655 dl/g intrinsic viscosity 

when measured in phenol-I, 1, 2, 2-tetrachloroethane (3:2 by mass) and the 

corresponding viscosity molecular weight was 50 kg/mol was supplied by 

Reliance Industries Limited. 

Melting point: 245°C 

Density at 25°C: 1.31 glcm3 

2.1.2 Polyamide 6 (PA 6) (M28 RC) was supplied by GSFC, India, having 

melting point 215 °e and density 1.12 glcm3
• 

2.1.3 Polycarbonate (PC) (pK2870), with a melt flow index of2.5 gllOmin, was 

supplied by GE Polymerland having melting point 230 \lC and density 1.20 glcm3
• 

2.1.4 Polypropylene (PP) (REPOL H200MA), with a melt flow index of 20 

g/IOmin, was supplied by Reliance Industries Limited having melting point165 

°e and density 0.90 g/cm3
, 

2.1.S High density polyethylene (HDPE) (HD50MA 180), with a melt flow 

index of 18 gllOmin was supplied by Haldia Petrochemicals having melting 

point 130-140 <le and density 0,94 g/cm3
, 

2.1.6 Polystyrene (PS) (GPPS LGG 102) with a melt flow index of IO g/lOmin 

was supplied by M/s LG polymers, Mumbai, India having melting point 180 QC 

and density 1.05 g/cm3
, 

2.2 Nanocomposite preparation 

A simple melt-compounding route was adopted for the preparation of 

polymer-ZnO nanocomposites. I The polymer and ZnO samples were vacuum 

dried at 120 °e for 12 h to avoid moisture-induced degradation. The melt 

compounding was performed using Thcrmo Haake Rheocord 600 mixing 

chamber with a volumetric capacity of 69 cm' fitted with a roller type rotors 

operating at 40 rpm. Nanocomposites at different concentrations (0.0-3.0 wt%) 

of ZnO were prepared. For comparative purpose, samples of unfilled polymers 



were also subjected to the same blending procedure so that unfilled polymer and 

the polymer matri x for the nanocomposi les had experienced similar processing 

histories. In all cases the torque stabi lized to a constanl value during mixing 

lime.2 The hot mix from Ihe mixin g chamber was immediately passed through a 

laboratory size two~roll mill and the resulting sheets arc cut to small pieces and 

the le.st specimens were prepared using a scmi~automatie plunger type injection~ 

moulding machine, with a corresponding barrc ltempcrature. 

The detais of mixing ti me. mixing temperature and barrel temperature of 

injection moulding machine arc given in table 2. I . The photograph of Thermo 

I-taake Rheocord 600 is given in figu re 2.1 . 

Tabl. 2.1 Melt·mixing parameters of nanocomposites 

Nanocomposite Mixing time Mixing ICl1lpcratur Barrel temperature 
sam les (mi" ('e ( ' C) 

PET-ZnO 4.0 255 255 

PA 6-ZnO 10.0 230 230 

PC-ZnO 10.0 240 240 

PP-ZnO 8.0 180 180 

HDPE~ZnO 10.0 150 150 

PS-ZoO 8.0 180 180 

Figure 2.1 Thermo Haake Rheocord 600 



2.3 Nanocomposite characterization 
2.3.1 Thermal behaviour 
2.3.1.1 Differential scanning calorimetry (DSC) 

Heat flow, i.e., heat absorption (endothermic) or heat emission 

(exothennic), is measured, per unit time for the sample and the result is 

compared with that of thermally inert reference. Differential scanning 

calorimetry (DSC Q 100, TA instruments) equipped with a RCS cooling system 

was employed to study the crystallization characteristics of the nanocomposites. 

The photograph of DSC instrument is shown in figure 2.2. Indium was used for 

temperature calibration (T m = 156.6 QC, ~.Hm = 28.4 J/g). The sample weight was 

around 5 mg. All the samples were dried prior to the measurements and analysis 

was done in a nitrogen atmosphere using standard aluminum pans. 

To study the nucleating effect of ZnO on polymer matrix, calorimetric 

measurements were done while the nanocomposite samples of PET, PA 6, PC, 

PP, HOPE and PS were exposed to the following temperature scans: heating at a 

rate 20 °C/min to 300 QC, holding for 10 min to erase thermal history effects and 

then cooling to 50 QC at the rate of 20 °C/min during which the peak of 

crystallization exotherm was taken as the crystallization temperature, (Tc). The 

heat of fusion (6Hm) and the heat of crystallization (~Hc) were determined from 

the areas of the melting and crystallization peaks respectively.3 The degree of 

supercooling (6 T=T m-T c) is also calculated. Analysis of the isothermal 

crystallization characteristics: 

PET -ZnO samples were subsequently reheated to 300 °c at a rate of 20 

°C/min, held at 300 QC for 2 min, and then cooled rapidly (60 QC lmin) to the desired 

temperature for isothermal crystallization (195 cC, 200 QC, 205°C, 210°C ). 

P A 6-ZnO samples were subsequently reheated to 300 °e at a rate of 20 

°C/min, held at 300 QC for 2 min, and then cooled rapidly (60 °c lmin) to the desired 

tcmperature for isothermal crystallization (190 (le, 195°C, 200 QC, 205 "e ). 



PP-Zno samples were subsequently reheated to 200 "c at a rate of20 °Clmin, 

held at 200 °C for 2 min. and then cooled rapidly (60 °C !min) to the desired 

temperature for isothermal crystallization (1 10 °C, I 15 "C, 120· QC. 125 °C). 

HOPE-ZnO samples were subsequently reheated to 200 °C at a rate of 20 

~amin, held at 200 °C for 2 mln, and then cooled rapidly (60 "c Imin) to the desired 

temperature for isothermal crystallization (120°C, 125°C, 130 QC, 135°C). 

Figure 2.2 Differential scanning calorimeter 

2.3.1.2 Tbermo gravimetric analysis 

Thennogravimetric analysis (TGA) and derivative thennogravimetric 

analysis (OTG) is used to study the effect of ZnO on the thennal stability of 

polymers. TGA, Q50 (TA Instruments) was used at a rate of 20 "C/min from 

room temperature to 800 qc. The chamber was continuously swept with nitrogen 

at a rate of 60 mUmin. Approximately 5 mg of the samples was heated. 

2.3.1.3 Dynamic mechanical analysis (DMA) 

The storage modulus, loss modulus and mechanical damping (tan delta) 

Were measured using fixed dynamic analysis techniques. A dynamic mechanical 

analyzer (Q 800, TA Instruments) was made use of for this purpose. Rectangular 

spec imens of 35 mm length, 4 mm breadth and 2 mm thickness were used. OMA 

tests were conducted at a constant frequency of 1 Hz. A temperature ramp was 



run from 30 QC to 150 QC at 3 "C/min to get an overview of the (hermo 

mechanical behaviour of polymer after the incorporation of ZnO nanoparticles. 

The photograph of OM A instrument is shown in figure 2.3. 

Figure 2.3 Dynamic mechanical analyzer 

2.3.2 Mecbanical properties 
2.3.2.1 TensUe properties 

The tensile properties of the samples were determined according to ASTM 

0- 638 using dumb-bell shaped specimens with a Universal Testing Machine 

(Shimadzu AG I) at a crosshead speed of 50 mm/min. The length between the 

jaws at the start of each test was fixed to 40 mm and at least six concordant 

measurements are taken to represent each data point. The various parameters 

determined from the tensile testing are: 

I . Tensile strength: It is the maximum tensile stress registered in the tensile 

loading operation. It corresponds to yield strength if tbe breaking 

strength is less than the yield stress . It is measured as the force measured 

by the load cell at the time of break divided by the original crosS 

sectional area of the sample at the point of minimum cross section. 

2. Tensile modulus: It is the slop of the linear portion of stress-strain curvc. 



3. Elongation at break: It is the elongation of the specimen at break. It was 

measured in terms of its initial length (Lo) and final length (L1) and is 

given as, 

. (L -L ) 
ElongatIOn at break = I 0 x 100 

Lo 
.............................. 2.1 

Tensile toughness: It is energy to maximum Ithickness of the sample. 

2.3.2.2 Flexural properties 

Flexural properties of the samples were measured by three-point loading 

system using Universal Testing Machine according to ASTM-D-790. The 

flexural properties were determined using rectangular shaped samples at a 

crosshead speed of 5 mrnImin and a span length of 50.8 mm. Rectangular 

specimen of length 100 mm, width 10 mm and thickness 2-3 mm were used. The 

various flexural properties measured were: 

Flexural strength: It is equal to the maximum stress at the outer layer of 

specimen at the moment of break. 

Flexural modulus: It is the ratio of stress to corresponding strain within 

elastic limit. 

Flexural strength (Kglcm2
) = 3PLl2bd.2 

Flexural modulus (Kglcm2) = eml4bd3 

---·--···-···-----------2.2 

------·------------ .. ··-· .. -.. --- .. ------- .. -.. -2.3 

Where P=maximum load at the moment of break, b= width of the specimen, 

L= length of the span and d= the thickness of the specimen. 

2.3.2.3 Impact strength 

The Izod impact strength (unnotched) of the rectangular samples was 

determined by Tinius Olsen Model 503 with a striking velocity of 3.5 mls. 

Before the impact testing, the depth and the width of the specimens were 

measured with micrometer. 

2.3.3 Melt rheology 

The melt rheological measurements were carried out using Shimadzu 

(model AGl) capillary rheometer (50 KN) at different plunger speeds from 1-



500 mmlmin. The capillary used was made of tungsten carbide with a length to 

diameter (LID) ratio of 40 at an angle of entry 90°. The sample for testing was 

loaded inside the barrel of the extrusion assembly and forced down the capillary 

using a plunger. After giving a residence time of 5 min the melt was extruded 

through the capillary at 6 pre-detennined plunger speeds. The initial position of 

the plunger was kept constant in all experiments and shcar viseosities at different 

shear rates were obtained from a single charge of the material. The 

measurements were carried out at three different temperatures. 

For, 

PET nanoeomposites, the temperatures were 250, 260 & 270 °e 

P A 6 nanocomposites, the temperatures were 220, 230 & 240 "e 

pe nanocomposites, the temperatures were 230, 240 & 250 °e 

PP nanocomposites, the temperatures were 170, 180 & 190°C 

HDPE nanoeomposites, the temperatures were 140, 150 & 160 ne 

PS nanocomposites, the temperatures were 170, 180 & 190 ne 

The forces and cross-head speeds were converted into apparent shear stress 

(Tw) and shear rate (ill) at wall. The wall shear stress T" can be calculated by 

using the following equation4 involving the geometry of the capillary and the 

plunger, 

1 ",= F/4Ap (1JdJ .............................. 2.4 

Where Tw is the shear stress of the wall, F is the force acting on the plunger 

(kgf), Ap is the barrel diameter (mm\ and de and le and are the capillary 

diameter and length (mm), respectively. 

The apparent shear rate at the wall for Newtonian liquid can be estimated as 

follows: 

i wa = 32Q/IId
3 

.......................... 2.5 



r Where i w is the shear rate, Q is the volumetric flow rate ( mm3 S-I), de is the 

diameter of the capillary (mm). 

With regard to non-Newtonian liquid, the wall shear rate will be different 

from that given above for the Newtonian liquid, and the Rabinowich correction 

needs to be performed as follows s: 

r w ~ (3n'+ 114 n') r wa 2.6 

Where n' is the flow behaviour index defined by the following equation: 

n'= dlmw / din r wa 2.7 

Thus by regression analysis of the graph of Il1'tw versus In r ~,n' can be 

obtained. 

The apparent viscosity, 11 was calculated using the equation 

.............................. 2.8 

2.3.4 Die swell measurements 

The extrudates were carefully collected as they emerged from the capillary 

die, taking care to avoid any deformation. The diameter of the cxtmdate was 

measured after 24 h of extmsion using a travelling microscope. The die swell 

ratio was calculated using the relation, 

Die swell ratio= Diameter of the extrudatc ( de) ..................................... 2.9 
Diameter of the capillary (de) 

The ratio of the diameter of the extrudate to that of the capillary was 

calculated as die swell ratio (de/dc).6 

2.3.5 Morphological studies-scanning electron microscopy 

Scanning electron microscope (Cambridge Instruments, S 360 Stcrcoscanner­

version V02-01, England) was used to investigate the morphology of the fractured 

surfaces. In this technique, an electron beam is scanned across the specimen 

resulting in back scattering of electrons of high energy, secondary electrons of 



low energy and X-rays. These signals are monitored by detectors (photo 

multiplier tube) and magnified. An image of the investigated microscopic region 

of the specimen is thus observed in a cathode ray tube and photographed using 

black and white film. The SEM observations reported in the present study were 

made on the fracture surfaces of the tensile specimens. Thin specimens were 

prepared and mounted on a metallic stub with the help of a silver tape and 

conducting paint in the upright position. The stub with the sample was placed in 

an E-lO 1 ion-sputtering unit for gold coating of the sample to make it 

conducting. The gold-coated sample was used for SEM analysis. 
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QIlptpi£r 3 

Abstract 

Zinc oxide (ZnO) is prepared from zinc chloride and sudium 

hydroxide in chitosan sulution hy polymer induced crystallizatiun. It 

is characterized using different analytical techniques. TEM and 

SEM studies revealed that zinc oxides are nanoparticles. The 

particle size (~l nano zinc uxide is much Imver than that of 

commercial zinc oxide. TEM studies revealed that mode of 

preparatiun has a specific role in delermining the size and shape of 

zinc uxide particle. This method has many advantages, such as 

simplicity, IOtv cosl, high inpllt, high purity, high yield and little 

pollution in additiun la superfine compounds that can he easiZv 

prepared 



3.1 Introduction 

Nano zinc oxide, as one of the multi functional inorganic nanoparticles, has 

drawn increasing attention in recent years due to its many significant physical and 

chemical properties, such as high chemical stability, low dielectric constantl
-
6

, large 

elecromechanical coupling cocfficient, high luminous transmittance, high 

catalysis activity, intensive ultraviolet and infrared absorption etc. It is a 

semieonducting oxide with a wide and direct band gap of 3.4 eV and a large 

exciton binding energy of 60 meV.7
-

11 Accordingly; ZnO is an important 

electronic and photonic material for UV light-emitters, varistors, gas sensors, 

acoustic wave devices, field emission displays and piezoelectric devices etc. 12
•
14 

Recent developmcnts in nanotechnology have provided several routes for 

the preparation of zinc oxide of nano particle size. But the properties of ZnO was 

found to depend on ~ispersibility, morphology, crystallinity, purity and particle 

size. I5
.
IS Several studies have been conducted on the synthesis and the structural 

property of ZnO nanoparticles. 19
•
21 Basically there are two approaches in getting 

sub micron powders: onc is top to bottom approach i.e., mechanical break 

process by attrition etc. and thc other, bottom to top i.e., building up process for 

nucleation process. This involves the phase change from vapour or liquid to 

solid. These methods are broadly classified into (a) low temperature and (b) high 

temperature methods. Among the low temperaturc tcchniqucs, chemical 

precipitation and replication methods have been widely used. Chemical 

precipitation technique includes precipitation of solution from room temperature 

to 100°C, hydrothermal synthesis (> 100°C> 1 atm pressure), inverse miceJIe 

method, sol-gel synthesis etc. These methods arc ideally suited for precise 

control of size and shape of nano particles. In addition, they arc cost effective 

because of less energy consumption. The main drawback in the precipitation 

technique is chemical contamination. The replication method has been used to 

produce nano oxides or metals by carrying reactions in micro pores and meso 

pores of either crystalline or amorphous materials. 



The high temperature method includes gas condensation, self-propagating 

high temperature synthesis, spray pyrolysis, laser ablation etc. In the gas 

condensation technique metal is volatilized in inert atmosphcre to produce nano 

powders. Laser ablation method use pulsed laser to evaporate metal atoms to form 

hot plasma, which then condenses to form nanoclustcrs. Chemical methods give 

the ability to produce powders with an exceptionally small size (nanomcter range). 

To obtain ZnO nanoparticles with tine particle size, many synthesis 

methods have been used, including homogeneous precipitation22
, hydrothermal 

method23
, sol_ge124

, a combustion synthetic route25
, sonochemical process26

, 

oxidation of ZnS27, mechanical milling2X, thcnnal decomposition29
•
3o

, chemical 

method31
.
33 etc. McBride et a1.34 and Oliveira et a1. 35 had directly obtained 

microcrystalline zinc oxide by the reaction of zinc salts with sodium hydroxide_ 

Qian et a1. 36 reported a method for preparing nanometer-sized ZnO crystals via 

ultrasonic irradiation in absolute ethanol. Gao et al.37 reported a method tor 

preparing monodispersed ZnO nanoparticles. 

Various ZnO nanostructure, including nanowires38
, nanobclts39

, nanotubes40
, 

d 41-41 - 44 45 I'k 46 d l-k 47-41< d d" 49 nanoro s -, nanonngs , nanosaws , cagc- le, tetrapo - le, en ntlc , 

hierarchical pattem50
, maize cod-based micron f1owers51

-
52 etc. have been prepared 

by different methods. Traditionally, fine and homogeneous zinc oxide powders arc 

obtained by the decomposition of its hydroxides53
-
54

, oxalatesS
\ nitrates56 etc. The 

search for novel methods to prepare nano ZnO with controlled size and morphology 

still remains a technical challenge. At present, two methods are generally being used 

to obtain nano-sized ZnO powder: vapour method and sol-gel method.57
•
63 For the 

vapour method, the resulting powders are agglomerates rather than separated 

POwders because the reaction condition during the process is difficult to control. In 

addition the method is time- and energy- consuming. The sol-gel method produces 

uniform ZnO powders. However, strict control of the reaction condition is necessary 

because of its violent hydrolysis reaction in air during the synthesis. In addition, this 

method has high material costs, and so it is not commercialized but done in small-



scale laboratories. So here, we made an easy attempt to prepare ZnO nano powder in 

chitosan medium by a method known as polymer induced crystallization. 

3.1.1 Polymer induced crystallization 

In order to control the size and morphologies of nanoparticles, colloidal 

1 · 64 1 65 . 1 66·67 d h b d so utIOns , porous gasses ,certam po ymers an so on ave een use as 

hosts for the preparation of nanosized materials. However, they are inefficient in 

generating clusters of unifonn size. 1. Liu et a1. reported a method to prepare nano 

ZnO in presence of polyethylene glycoLS! The nanosized calcium phosphate was 

synthesized by in-situ deposition technique by S. Mishra et aL6~ They prepared a 

complex of calcium chloride and polyethylene glycol to which they added 

ammonium phosphate solution. So polymer induced crystallization or polymer 

mediated growth of dispersed phase is a new technique, which has got more 

attention recently.69 This has become an increasingly important area of research in 

the context of the production of smart materials, high performance composites and 

nano technology. In this method polymer plays an important role of controlling or 

modifYing the growth habit of dispersed phase. The dispersed phase may be 

organic, inorganic, metal, or another polymer in the polymer matrix. 

The in-situ growth and modification of crystalline phase, orientation, 

morphology, crystal1ite size of the additive will give special properties. The 

advantage of using this in-situ deposition technique is that, it would be able to 

control the overall morphology, growth, uniformity of size and dispersion, 

generation of orientation and better inter facial adhesion, which is achieved by a 

shorter, direct and easier route. Hence we thought it could bc possible to prepare 

ZnO particle by this technique under controlled conditions. Here we used 

chitosan solution as a medium to grow the ZnO particlc.70 

3.2 Experimental 

3.2. t Materials 

,Chitosan samples of vis co si ties 55, 330 and 800 eps were supplied by India 

Sea Foods, Cochin, Kerala. The degree of deacctylati~:m of the samples was 

greater than 85 %. 



P' Zinc chloride, sodium hydroxide and acetic acid were supplied from s.d. 

fine-chem. Itd, Mumbai, India. 

Commercial zinc oxide: 

Synonyms: Chinese white, zinc oxide 

Supplied by M/s. Meta Zinc Ltd., Mumbai. Main properties and its values 

are given in table 3.1. 

Table 3.1 Main properties and values of commercial ZnO 

Prt!l!.erties Value 

Crystal form Hexagonal 

Lattice parameters A=3.25, C=5.05 

Particle size 40nm 

Colour White 

Hardness mohs 4.5 

Melting point 1975 DC 

ZnO content 98.0% 

Acid content 0.4 % max. 

Heat loss (2 hrs at 1 00 DC) 0.5 % max. 

3.2.2 Preparation of zinc oxide in chitosan solution 

ZnO was prepared from ZnCb and NaOH using chitosan as a matrix. This 

method essentially consists of forming a complex of ZnCI2 and chitosan by 

dissolving the two components in desired proportion in acetic acid. Vigorous 

stirring was maintained at this stage. This was allowed to react for 24 hours. 

Then stoichiometric amount of NaOH was added drop wise to the above 

complex with I without stirring. The whole mixture was allowed to digest for 12 

hours at room temperature. During this period the OH- and Cl" ions diffused 

through the matrix and formed a precipitate of Zn(OHh It was filtered and 

washed several times with water and dried at 100 Dc. Then it was calcined at 

different temperatures like 350°C, 450 DC and 550 °c in a silica crucible in a 

muffle furnace for 4 hours. The yield of the ZnO nanocrystals by this method is 

about 90 %. Figure 3.1 shows the schematic overview of the preparation of ZnO. 
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ZnCl:-CH;COOlf Chitosan-CH,COOH 
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~ 550°C 

PrecIpitated ZnO 

Figure 3.1 Schematic overview of the preparation of nana zinc oxide 

To find synthetic fundamentals for this new approach, a number of preparati ve 

parameters were examined 111 detail. The process was repeated by taking different 

concentrations of zinc chloride, chitosan cmd sodium hydroxide solution and also by 

varying the time and temperature for complexation and precipitation. TIle conditions 

were optimized for the preparation of ZnO nanoparticles. Using the above method 

18 batches of ZnO \-vas prepared using dilTerent concentrations of chitosan of 

different viscosity and \\ith i without stirring during the addition of NaOH The 

photographs of precipitated zinc hydroxide with stirring and without stirring and 

zinc oxide are shown in figures 32 (a), (b) & (c) respectively 

(8) (b) 



:j'r,'palJtwn and Cfr:.zra.:ti:11:: ,!lion '~f:~{':l1l" Zill': oy,,1. 
----------------------~-----------

(cl 
Figure 3.2 The photographs of (a) precipitated zinc hydroxide prepared by stirring method 

(b) precipitated zinc hydroxide prepared by without stirring method (c) precipitated zinc oxide 

Different batches of lnO is given in tahle 32 
Amount of ZnCl l is constant in all batches_ 

Table 3.2 Different batches of ZnO 

Sam ple name 
Vi osity of % of chitosan 

cb ito an in cp olution 

S1 55 1 

S2 55 2 

S3 55 5 
S4 55 I 

S5 55 2 

S6 55 5 

S7 300 1 

S8 300 2 

59 300 5 
S10 300 1 
SII 300 2 

Sl2 300 5 
S13 800 1 
Sl4 800 2 
S15 800 5 
Sl6 800 I 

SI7 800 2 
SI8 800 5 

Mode of 
preparation 

Without stirring 

Without stirring 

Without stirring 

With stirring 

With stirring 

With stirring 

Without stirring 

Without shrring 

Without stunng 

With stirring 

With stirring 

With stilTing 

Without strrnng 

Without sttmng 

Without stirring 

With stirring 

\Vith somng 

\Vlth stirnng 



3.3 Characterization 
3.3.1 Bulk density (ASTM D 1895) 

Apparent density-

Weight / unit volume of a material including voids inherent in the material. 

Bulk density-

Bulk density is defined as the weight per unit volume of a material. It is 

primarily used for powders or pellets. The test can provide a gross measure of 

particle size and dispersion, which can affect materia! flow consistency and 

reflect packaging quantity. 

Apparent density 

Measuring cup, a cylindrical cup of 100 + 0.5 m! capacity having a diameter 

equal to half of the height. For e.g. 39.9 mm inside diameter by 79.8 mm inside 

height. 

Funnel, having a 9.5 mm diameter opening at the bottom and mounted at a 

height 38 mm above the measuring cup. 

Specimen: Powder or Pellets 

Procedure 

Close the small end of the funnel with hand or a suitable flat strip and pour 

115 ± 5 cm) samples into the funnel. Open the bottom of the funnel quickly and 

allow the material to flow freely into the cup. If caking occurs in the funnel, the 

material may be loosened with a glass rod. After the material has passed through 

the funnel immediately scrap off the excess on the top of the cup with a straight 

edge without shaking the cup. Weigh the material cup to the nearest O.Ig. 

Calculate the weight in grams of I cm3 of the material. 

Data: Apparent density value is recorded as g/cm3 

3.3.2 Element analysis (ICP-AES analysis) 

lnductively coupled plasma atomic emission spectroscopic analysis is a 

highly successful multielemental analysis with inductively coupled plasma as the 

heating source and operating on atomic emission spectroscopic technique. 



f .. , The ZnO sample is dissolved with 5ml HN03 and made up to 50 ml using 

'distilled water. The filtered sample is analyzed with ICPAES system of Thenno 
f) 

Electron Corporation (Model: IRIS lNTREPTD 11 XSP). 

3.3.3 Energy dispersive X-ray spectrometer 

The chemical stoichiometry of ZnO nanopartie1c is investigated with EDX, 

(EDS, HIT ACHl, S-2400). 

3.3.4 Surface area 

Surface area of the zinc oxide nanoparticles and commercial zinc oxide 

were measured using BET method. Surface arca analysis was done using 

Micromeritics BJH surface analyser tristar 3000. Measurements were carried out 

at liquid nitrogen temperature. 

3.3.5 X-ray diffraction (XRD) 

Particle size of the sample was determined using X-ray diffraction (XRD) 

technique. XRD patterns wcre collected using Bruker, AXS Dx Advance 

diffractometer at the wavelength CuKa=I.54 A, a tube voltage of 40 KY and 

tube current of 25 mA. Crystal lite size is calculated using Scherrer equation, 

CS = O.9A / [3 Cos 8 .............................. 3.1 

Where, CS is the crystalIite size, [3 is full width at half-maximum (FWHM hA,) 

of an hkl peak at El value.71 

3.3.6 Fourier transform infrared spectroscopy 

Fourier transform infrared spectra arc generated by the absorption of 

electromagnetic radiation in the frequency range 400 to 4000 cm'l by organic 

molecules. Different functional groups and structural features in the molecule 

absorb at characteristic frequencies. The frequency and intcnsity of 

absorption are the indication of the band structures and structural geometry in 

the molecule. FTlR absorption spectra wcre collected using ThermoAvtar 

370 spectrometer. 



3.3.7 UV spectroscopy 

Room temperature UV-vis absorption spectra were recorded on UV-2550 

spectrophotometer. 

3.3.8 Photoluminescence (PL) spectroscopy 

The room temperature photoluminescence spectra were performed on a 

spectrophotometer Fluorolog-3-Tau using a He-Cd laser O"cx=325 nm) as the 

excitation source. 

3.3.9 Transmission electron microscopy 

The morphology and particle size of zinc oxide were observed using 

transmission electron microscope (TEM). The TEM imagcs and selected area 

electron diffraction (SAED) patterns werc taken on Phi lips TEM CM 200 

model. 

3.3.10 Scanning electron microscopy 

Scanning electron microscope (Cambridge Instruments, S 360 

Stereoscanner-version V02-0 I, England) was used to investigate the morphology 

of the zinc oxide samples. 

3.3.11 Thermo gravimetric analysis 

Thermo gravimetric analyzer (TGA, Q-50, TA Instruments) was used to 

study the thermal stability of ZnO. Approximately 5 mg of the samples were 

heated at a rate of 20 nC/min to 800 0e. The chamber was continuously swept 

with nitrogen gas at the rate of 60 ml/min. 

3.3.12 Differential scanning calorimetry 

(DSC Q 100, TA instruments) was employed to study the calorimetric 

measurements of ZnO nanopartielcs. Indium was used for temperature 

calibration (Till = 156.6 "C, ~HIll =28.4 Jig). All the samples were dried prior to 

the measurements and analysis were done in a nitrogen atmosphere using 

standard aluminum pans. 
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3.4 Results and discussions

3.4.1 Bulk density

The different types ofZnO prepared in the lab are characterized by determining

the bulk density. Determining the bulk density of the sample does the primary

identification. The bulk density of the prepared samples is shown in table 3.3.

Table 3.3Bulk densities of the prepared ZnO samples
..

. Bulk density(glcm3
)Sample name

Commercial 0.4234

SI 0.9034

S2 0.9038

S3 0.9043

S4 1.0742

S5 1.0738

S6 1.0778

S7 0.9053

S8 0.9088

S9 0.9067

SlO 1.0589

Sl1 1.0921

S12 1.0323

Sl3 0.9056

S14 0.9069

Sl5 0.9105

S16 1.0845

Sl7 1.0529

S18 1.0723

From the bulk density results, it is seen that ZnO prepared in chitosan

solution has high values when compared with the commercial ZnO. This may be

due to the reduction in particle size and difference in structure. It is observed that

particle size is lower for stirred batches (S4, S5, S6, S10, Sl1, S12, S16, S17,

S18) than that of without stirred batches (SI, S2, S3, S7, S8, S9, SI3, S14, SI5).

89



From this study it is also found out that, particle size almost remains the same 

with change in viscosity of the medium. Only chitosan medium is important. 

3.4.2 Element analysis (ICP-AES analysis) 

The elements analyzed are Zn and Na and table 3.4 shows the amount of 

elements present in the sample. 

Table 3.4 Element analysis 

Elements Avg Units :;~ 

Zn 99.1 % 

Na 0.89 % 

So the prepared ZnO has high purity. 

3.4.3 Energy dispersive X-ray spectrometer 

The chemical stoichiometry of ZnO nanoparticle was investigated with 

EDX (figure 3.3), which affirmed an atomic ratio of Zn:O ~ 1: I. 
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3.4.4 Surface area 

Representative samples were selected from those prepared with stirring 

(SII) and without stirring (S8) for surface area determination. Table 3.5 shows 

surface area for commercial zinc oxide, S8 and S 11 samples. 

Table 3.5 Surface areas for different ZnO samples 

I'SI.No. 
!:::.~ . 

SampJes Surface area 

I Commercial zinc oxide 4.08 Sqm/g 

2 S8 37.56 SqmJg 

3 SIt 42,15 Sqm/g 

The surface area is more for the ZnO samples prepared in the lab compared 

to commercial ZnO. It is also clear that ZnO prepared with stirring is having 

more surface area than ZnO prepared without stirring, This is due to the smaller 

particle size of S 11 than SS. 

3.4.5 XRD studies 

Figures 3.4 (a), (b) and (c) shows thc XRD patterns of commercial ZnO, SS 

and SI t respectively, 
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Figure 3.4 XRO patterns of lal commercial ZnO (bl S8 & (cl Sll 

It is VCI)' clear from thc above figure 3.4 (c) that the major rct1ections 

betwecn 30° and 40" (28 valucs) indicate more cl)'stallinc regions in the zinc 

oxide sample_ 

Also the less intcnse peaks at 47.5°, 56" and 63" (28's) indicate the high 

cl)'staIIinity of zinc oxide samples. The detailed analysis of the XRD and the 

assignments of various reflections arc given in table 3.6. Crystallite sizes of the 

ZnO are calculatcd using Seherrer's formula. 
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Table 3.6Analysis of XRD and the assignments of various reflections of ZnO

Sample I d (Ohs) FWHM Crystallite size (om)

Commercial 2.4599 0.224 37.39

S8 2.4574 0.368 22.76

811 1.9027 0.446 18.78

The full width at half-maximum of an hkl peak at e value and crystallite size of

all the zinc oxide samples shows that 811 have smaller crystal size compared to others.

When the morphology of 88 changed to 811 from plate like structure to rod like

structure, it was presumed that the distance ofplanar spacing was shortened.f

Figure 3.5 shows the XRD patterns of zinc oxide samples (811) formed at

different calcinations temperatures. The Bragg reflections of zincite are visible at

all temperatures as shown in the figure. But at lower temperature, in the

precursor, more amorphous regions are present, along with crystalline zinc oxide

particles. When the temperature is increased, this amorphous region disappeared

as shown in the XRD pattern of high temperature samples.

It is also clear from the figure that the increase in calcinations temperature,

the crystallinity increases as indicated by the intensity of the XRD pattern. The

zinc oxide sample calcined at 550 QC showed lower particle size as indicated by

high peak intensity.

-IOO·C .

~3 1-- -...l!UlJL.---''----J'----J.I.o.....N·'''---''-I

.e

.5....
'S;
c
"-oS 1- J I..1U '-__.J\-_......__n ...ooJ'oJ''''-_.......

10 20 30 40 00
20 (I)cl~n'es)

60 70 80
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3.4.6 IR spectroscopy 

Figure 3.6 (a) & (b) shows the IR spectrum of Sl1 and commercial Zno 

samples respectively. A similar spectrum is obtained for sample S8. 
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Figure 3,6 IR spectrums of la) S11 & Ib) commercial ZoO 

The pcak around 450'cm-1 shows a distinct stretching mode of crystal zinC 

oxide. The shape of the IR spcctrum of ZnO particles is gcnerally influenced by 



1Pert .... · ic1e size and morphology, the degree of particle aggregation, or the crystal 

~cture of ZnO polymorph. Hayashi et al. 73 compared the recorded and 

",lculated spectra of ZnO. Serna and co-workers 74.75 considered the relationship 

.. between the shape of JR spectrum on one side, and the physical shape and 

aggregation of ZnO particles on the other. Tanigaki et a1. 76 prepared ZnO 

,particles by the high temperature oxidation of zinc powder and observed 

different shapes in the spectra. 

Figure 3.7 shows the IR spectrum of intermediate products fanned at 

different temperatures during calcination. A broad peak in the range 3250 - 3600 

cm-I for the sample heated at 350 °C indicates the presence of -OH stretching 

vibrations, which is due to the presence of zinc hydroxide. It is seen from the 

spectra that this peak is disappeared for the samples calcined at higher 

temperatures. 

It is also clear from the spectra that the intensity of the characteristic peaks 

of zinc oxide is in the range of 500-525 cm-I is increased when the calcinations 

temperature is increased. 
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Figure 3.7 FTIR spectra of zinc oxide samples at different calcinations temperatures 



3.4.7 UV spectroscopy 

Figure 3.8 shows the UV-vis absorption spectrum of SI I sample. It exhibits 

a strong excitonic absorption feature at -368 om, which is blue shifted of -7 nrn 

with respect to the bulk absorption of 375 nm. A similar spectrum is obtained fOr 

sample S8 and commercial ZnO. 
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Figure 3.8 Absorption spectra of ZnO nanoparticle 

3.4.8 Photoluminescence (PL) spectroscopy 

Figure 3.9 reveals the room temperature PL spectra of SII sample. A strong 

UV emission at -384 run, agreeing the near band edge emission can be detected. 

Generally, a green-yellow emission could be observed in the PL spectrum, which 

generally comes from the recombination of photo-generated hole with electrons in 

singly occupied oxygen vacancies. Unlike those reported in many ZnO 

nanostructure synthesis, the green emission band (around 51~515 om) due to the 

presence of the singly ionized oxygen vacancies (or other point defects) 40 is barely 

observable in prepared samples. As reported in the literature77,78 this fmding may 

indicate that the ZnO nanorods synthesized by this novel method possess high 

crystalline perfection. A similar spectrum is obtained for sample S8. 
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Figure 3.9 Room temperature photoluminescence spectrum of the ZnO nanoparticles 

3.4.9 Transmission electron microscopy 

Figures 3.10 (a) shows the TEM images of Sl1 sample and (b) shows its 

SAED patterns. It shows that zinc oxide particle of rod like structure having high 

aspect ratio, is obtained with constant stirring. From the TEM image it can be 

obtained that the rod diameter is in the range 12-25 mn and length is in the range 

100 -250 nm. The corresponding SAED pattern indicates that the nanorods are 

consisted of hexagonal single crystal ZnO and amorphous ZnO nanoparticles. 

The clear diffraction spots indicate a high crystal quality of S 11. 61 So the 

prepared ZnO nanorod is different from commercial ZnO in morphology [figure 

3.11 (a)] and highly crystalline than commercial ZnO, which is clear from the 

SAED patterns shown figure 3.11 (b). 
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TEM image of zinc oxide particle prepared without stirring (S8) is shown 

in figure 3.12 (a) and have specific plate or box like shape. Its particle size is 20. 

30 run. It is also clear from the photograph that the zinc oxide formed is 

crystalline as its shape is changed from the coarse structure of commercial ZnO 

as shown in figure 3.11 (a). The nano ZnO preparcd is highly crystalline than 

commercial ZnO. The particle size of commercial ZnO is 40-90 nm. 

w ~ 
Figure 3.11 (a) TEM image and (b) SAED patterns of commercial ZnO 

(8) (b) 

Figure 3.12 (a) TEM image and (bl SAED patterns of sa 

3.4.10 Scanning electron microscopy 

The surface morphology as detennined by scanning electron microscopy 

reveals that the method of preparation has a significant etTect on the structure 

and shape of the particles. It is clear from the figure that the zinc oxide particles 

(S8) formed by without stirring method have specific plate like shape [figure 

3.13 (c & d)]. Precipitation carried out by vigorous stitTing gavc zinc oxide 



particlcs (S 11) with rod like structure [figure 3 .13 (a & b)]. It is different from 

the structure of commercial ZnO [figure 3.13 (e & t) J. A remarkable change in 

particle size and morphology was observed for thc ZnO samples precipitated in 

chitosan medium. The sample precipitated using chitosan medium shows a 

dramatic reduction in particle size. 

Figure 3.13 SEM images of different ZnO samples !lal & (bl S 11, (c) & (dl S8 and (el & If) 
commercial ZnOl 



3.4.11 Thermo gravimetric analysis 

Thermal analysis of the prepared ZnO nanoparticles (nano Z110) was 

carried out to know the possible changes occurring when the materials were 

subjected to heat treatment. Figure 3.14 (a) shows the corresponding TGA 

trace for the nano ZnO and (b) for commercial ZnO. From the figure it is 

seen that TGA curve for the nano ZnO is almost featureless except for a small 

endothermic peak at around 190 uc. The TG curve in the figure indicates that the 

sample weight begins to decrease slightly at 190 DC, and then levels off from 

600 DC. As reported by Morishige et al. 79 and Chen et al. 80 the peaks at around 220 

and 270 DC in TG figure may be caused by the decomposition of the condensation 

dehydration of the hydroxy Is. This peak could not be associated with any phase 

change, as the corresponding XRD pattern [figure 3.4 (c)] also did not show any 

change in the phase of the material prepared. At the most, the peak can be 

attributed to complete crystallization of the sample. 
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Figure 3.14 TGA trace for (a) nano ZnO and (b) commercial ZnO 



"3.4.12 Differential scanning calorimetry 

No obvious peak was seen in DSC curve, as shown in figure 3.15, which 

( Illay indicate that the nano ZnO is pure, hexagonal phase, which is associated 

i with the XRD results. Similar behaviour is observed for commercial ZnO. 
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Figure 3.15 Differential scanning calorimetry !OSC) of nano ZnO 
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3.4.13 Formation of nanoparticles 

Based on the above experimental results, wc proposed a plausible 

mechanism for the formation of ZnO nanoparticles by polymer-induced 

crystallization as shown in figure 3.16. The influence of chitosan matrix is very 

important in fonning nanoparticles of zinc hydroxide and hence on the zine 

oxide obtained subsequently. 

Fonnation of nanoparticles depends on many factors. The most important 

of these are: 

• The stability of the complex formed between the particle and the 

surrounding polymer matrix and the proper diffusion of the reacting 

species are the most important criteria for the formation of nanoparticlcs. 

The surrounding polymer matrix should be able to hold the metal atom 



• 

• 

at a particular space, for e.g. OH- ions in chitosan and should not allow 

it to break away from the matrix. 

The proper diffusion of the second reactant also plays a major role in 

reduction in particle size of the particular particle. In the case of chitosan 

matrix stirring is required for proper diffusion of OH- ions. 

The ratio between the polymer matrix used (chitosan) and the metal ion 

i.e., Zn +2 will also play an important role. For the same molecular 

weight, a lower ratio i.e., below 1 % of chitosan solution, the number of 

polymer chains available will be less and the metal ions can move freely 

along the chain reducing the stability. Howcver, at higher ratio the 

number of polymer chains available is very high and the metal ion is 

bound strongly to the polymer, which is in turn surroundcd by the 

matrix. Thus the stability of the bond is enhanced and this results in 

reduction in particle size. Also the interaction between different particles 

of the same type will be reduced, thus reducing cluster formatioll. 

• Other factors are temperature, interaction of the particle with various 

systcms around it, the method of synthesis. Higher the temperature, 

greater the chances of breaking the polymcr- metal ion complex which 

will thus not have much effect on the particle size of the filler- Also the 

particle present in the system can interact with the solvent present, with 

the polymer matrix, another particle of the same type and other 

reactants. For efficient reduction in particle size, the interaction between 

the polymer matrix and the metal ion should be high when compared to 

other interactions. 

This method essentially consists offorming a complex of zinc chloride with 

chitosan by dissolving the two components in desired proportions in acetic acid. 

Chemical linkages between OH-ions present in the chitosan medium and Zn ions 

in ZnCI2 form the complex. There is no possibility of zinc hydroxide formation 

at this moment, since hydroxyl ions are strongly bond to the chitosan chain. On 



adding sodium hydroxide without stirring, the OH - ions present in it has to 

diffuse through the bulky medium in different directions to reach up to zinc ions. 

Since the polymer chains binds the zinc ions, the fonnation of zinc hydroxide 

can take place only at certain sites. Since low amount of hydroxyl ions reach up 

to zinc ions some of the zinc ion arc left free and we are getting box or plate like 

nano zinc oxide particles, whereas ZnO nanorods were formed at high 

(Zn2+]/[OH-] ratio. With vigorous stirring, hydroxyl ions diffuse in to the matrix 

from all the possible directions and nanorods are obtained. More Oaions in 

solution were reactive with Zn2+ to form ZnO clusters. The formed ZnO clusters 

heterogeneously grow on the surface of ZnO nanocrystals as nucleation centre. 

During this course, the smaller nanocrystals in the solution shrink and the bigger 

ones continue their growth. As a result, the size of ZnO nanoerystals was 

increased, but crystals grew simultaneously in three dimensions. However, 

permanent dipole moment in nanocrystals has been enhanced with increasing the 

volume of ZnO nanocrystals. The facets terminated by negatively charged 0 

atoms and positively charged Zn atoms havc becn reportcd. RI As in the final 

stage of the process, nanocrystals grew almost exclusively along their long axis 

and both aspect ratio and volume of crystals increased rapidly with increasing 

the amount of Zn2+ and OR ions in solution. Henccforth, ZnO nanorods were 

fonned. The formation of ZnO nanorods furthermorc incrcased the polarity 

between particles. Evcn though there is stirring, only slow diffusion of the 

reactant takes place, which results in reduction in particlc size. The viscosity of 

chitosan has no specific role in determining the sizc and shape of particles. Thc 

yield of zinc hydroxide is almost a constant with varying concentrations. 

This new synthesis of zinc ox idc particles has three advantages. (1) The 

reaction is carried out under moderate or evcn simple and crude conditions, 

which makes this method promising for large-scale production. (2) Particles of 

nanometer-sizc can bc attained by this method. (3) With the change of reaction 

conditions, particles with different morphologics can be scen through TEM. 
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Figure 3.16 A possible mechanism for the growth of ZnO nanoparticles in chitosan medium 

Z110 prepared by this method (S I I) is hereafter called as nano zinc oxide 

which is used for the prcparation of nanocomposites. 

3.5 Conclusions 

Zinc oxide with high crystalline nature can be prepared from zinc chloride 

ID chitosan solution by in-situ deposition technique. TEM and SEM studies 

revealed that zinc oxide is having nanoparticle sizc. The particle size of nano 

zinc oxide is much lower than that of commcrcial zinc oxide. There is not much 

change in the particle size of nano zinc oxide with variation in viscosity of 

chitosan medium. SEM and TEM studies revealed that mode of preparation have 

a specific role in determining the sizc and shape of zinc oxide particle. Nano 

ZnO is having high purity as revealed by TGA and DSC studies. They have a 

very strong photoluminescence (PL) band at ultraviolet wavelength range. This 

mcthod has many advantages, such as simplicity, low cost, high input, high 

purity, high yield and little pollution in addition to superfine compounds that can 

be easily prepared. 
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MODIFICATION OF EN.GINEEftl' " ,',', '.HUS 

Abstract 

This chapter is divided into three parts. ModijlcaticnJ of three 

engineering thermoplastics like [{Jolyethylenl! terephthalare (PET). 

polyamide 6 (PA 6) and po(n:arbOlwte (PC)} using nuno ZIlD is 

discllssed. Nanocomposites have been prepared through a sil711)le melt 

compounding route. Melt compoul1ded nUllo ZnOs have been showlI to 

act as effective nucleating ugents .101' PET and PA 6 crystallization. 

With increasing concentration of nano LnO, the IJwchunical ([nd 

dynamic mechanical properties improved. corresponding to (111 

ejf(xtive rei,?/orcement. The rheological characteristics revealed that 

shear viscosity of the nano ZnO composites increased lvilh increasing 

concentration qlnano ZnO and decreased lVilh increasing shear stress. 



Chapter-4 

MODIFICATION OF POlYETHYLENE TEREPHTHALATE 
USING NANO ZINC OXIDE 

4a.l Introduction 

Poly (ethylene terephthalatc) (PET) was first prepared in 19461 and has 

become one of the most widely used polymers. Because of its Iow cost and high 

perfonnance such as high transparency, high stability in dimension and good 

mechanical property, it can be used in lots of fields including film, bottle and 

fibre. 2.JA However, due to its higher melting point and lower crystallization rate, 

PET is not suitable very well for some processing such as injection moulding. 

However, the crystallization rate can be increased by the addition of polymeric 

nucleating agents such as thermo tropic liquid crystalline polymer (TLCP)5-1O 

and inorganic fillers. 1 1-25 

Recently, the composites of polymer/inorganic nanoparticles have attracted 

more and more attention26-34 and have made great progress. One of the most 

prevalent classes of composites is composed of materials containing an organic 

binding matrix with an inorganic material as the reinforcing filler, which 

comprise one of the most important class of synthetic engineering materials.35- 38 

The incorporation of organic/inorganic hybrids can result in materials possessing 

high degrees of stiffness, strength and gas barrier properties with far less 

inorganic content than in conventional filled polymer composites. In addition, 

nanofillers can serve as a nucleating agent to speed up crystallization and to 

increase crystallinity.39-42 

In this study we have used ZnO as a nucleating agent in PET matrix. The 

effect of ZnO on the crystallization behaviour, themlal stability, morphology, 

rheology, mechanical and dynamic mechanical property of the nanocomposites 

were analyzed. The properties were compared with that containing commercial 

ZnO. 
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:4a.2 Experimental 

Simple melt-compounding route was adopted for the preparation of PET­

ZnO nanocomposites. The melt compounding was performed using Thermo 

Haake Rheocord 600 having mixing chamber with a volume capacity of 69 cm3 

fitted with roller type rotors operating at 40 rpm for 4 min at 255 "C. 

Nanocomposites at different concentrations (0.0-3.0 wt%) of ZnO were 

prepared. In all cases the torque stabilized to a constant value in this mixing 

time. The crystallization behaviour, thermal stability, morphology, rheology, 

mechanical and dynamic mechanical property of the nanocomposites using 

commercial and nano ZnO were analyzed according to the details summarized in 

sections 2.3 of this thesis. 

4a.3 Results and discussion 
4a.3.1 Differential scanning calorimetry 

4a.3.1.1 Non-isothermal 

PET is a semicrystalhne polymer and its properties are related to its 

morphological features such as deb'Tee of crystallization, size and perfection of 

crystallites.43 Nucleating agents that have been mentioned in the literature 

include metal oxides and hydrides, residual catalysts and diamide 

segments.44.45.4h Several workers have reported the use of nanoparticles, sueh as 

organically modified nano clays as crystallization promoters for a variety of 

polymers47,48 and nanotubes.49 Previous investigations of PET-clay 

nanocomposites have demonstrated that the degree of crystallinity decreased 

while the rate of crystallization increased.5o In literature only a few work have 

been reported on the use of ZnO. Crystallization temperature tends to shift to 

higher values with increasing ZnO nanoparticle content in pp matrix is reported 

by Zhao et a1. 51 On adding 2.0 wt% of nano ZnO, there is an increase of 2 DC in 

crystallization temperature for pp matrix is observed by Tang et a1. 52 and Zhao et 

a1. 51 and on adding ZnO to PAN matrix crystallization temperature decreased. 53 

In this section we compared the crystallization characteristics of PET matrix 

Using nano and commercial ZnO. 



The effect of nano ZnO on the crystallization characteristics of melt 

compounded PET -ZnO nanocomposite samples was analyzed first with non. 

isothermal DSC experiments. The crystallization temperatures (Tc), the apparent 

melting temperatures (Tm), the corresponding enthalpies (L\He and L\Hm) and the 

degree of super cooling (~T= TIlI- Te) are also reported in table 4a.l. 

Table 4a.1 Thermal characteristics for PET· ZnO nanocomposite from DSC 

Concentration ~Hm 
;t~ 

AT;~ 
TcCC) ~Hc (Jig) Trn (OC) 

(JIg) '\~ 
ofZnO (wt%) (OC):~ 

:0\ 

0.0 162.06 39.68 252.49 39.48 90.4 

0.03 194.28 40.21 251.46 39.65 57.1 

0.1 196.99 40.83 251.13 36.34 54.1 

0.5 197.12 38.89 249.41 37.32 52.3 

1.0 202.62 39.66 251.77 39.16 49.1 

2.0 203.38 40.16 250.61 40.51 47.2 

3.0 204.52 39.23 250.12 39.86 45.6 

Figure 4a.l shows the DSC cooling scans of PET -nano ZnO composite 

samples. During cooling from the melt, the ZnO containing samples show 

crystallization exotherms earlier than neat PET, as also seen from the 

corresponding Te values indicated in table 4a.l. It is found that the composite 

sample containing nano ZnO at a concentration as low as 0.03 wt% enhances 

the rate of crystallization in PET as the cooling nanocomposites melt 

crystallizes at a temperature 32 "c higher as compared to neat PET. The Tc 

values continue to increase with increasing ZnO concentration, but at a 

slower rate, as with further 100 fold increase in ZnO concentration trom 0.03 

to 3.0 wt%, the additional Te increase is only about 10°C. In other words, 

there ·is a saturation of the nucleant effect at low ZnO concentrations, 

resulting in diminishing dependence on the increasing ZnO induced 



;nucleation, possibly because of large surface area and good dispersion of 

ZnO. The melting temperature and enthalpies of PET stay unaffected. The 

degree of supercooling (~T=Tm-TJ may be a measurement of a polymer's 

crystallizability: the smaller the ~ T, the higher the overall crystallization 

rate. 54 The ~T values (figure 4a.2) for the PET-nano ZnO were 57-45 °C 

smaller than that of neat PET (90 nC). So nano ZnO content affects the 

crystallization rate and takes the role of a nucleating agent on PET 

crystallization due to its enomlOUS surface area. 55•Sb The results indicated that 

the incorporation of ZnO nanoparticles had little effect on the degree of 

crystallinity of PET. Furthermore, the glass transition temperature (T g) of 

nanocomposites resulted in a slight increase in value from 71°C in the case 

of neat PET to 74 DC. With increase in ZnO loading, T g remains unaffected. 

This result suggests that the movement of PET chains is hindered by the 

introduction of ZnO nanoparticles. 
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Figure 4a.l DSC cooling scans (20 cClmin from 300 DC meltl of PET·nano ZnO 
composite samples 
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Figure 4a.2 Variation of degree of supercooling with concentration of ZnO 

Figure 4a.3 shows the DSC cooling scans of PET -commercial ZnO 

composite sampJes. It is clear from the figure that on adding 0.03 wt% 

commercial ZnO the crystallization temperature increases by 7 "e, and with 

further addition there is not much change in the value. MIc, IlHm, Te and Tm 

values remains constant with ZnO loading. Tg of the composites slightly 

decreases from 71°C for PET to 68 °C for composites. The Il T values for the 

PET-commercial ZnD were 79-75 °C smaller than that of neat PET (90 nC). 

---.~ Increasing ZnO concentration from 0,0-3.0 wt% 

T 
150 160 170 180 190 200 

. Figure 4a.3 DSC cooling scans of PET· commercial ZnO nanocomposite samples 



On comparing the crystallization temperatures of PET -ZnO nanocomposites 

Ising two different ZnO samples, one with nano and another with commercial ZnO, 

lfigure 4a.4) it can be seen that nano ZnO is a better nucleating agent than 

Commercial ZnO. Te increase is only about 10 QC on adding 3.0 wt% of commercial 

ZnO, but for nano ZnO the increase is about 40 QC. 
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Figure 4a.4 Comparison of crystallization temperatures of PET· ZnO nanocompasites using 
nana and commercial ZnO 

4a.3.1.2 Isothermal crystallization characteristics 

Nano ZnO is found to be a better nucleating agent than commercial ZnO. 

Typical isothermal crystall ization curves of the PET - nano ZnO composite 

samples at four temperatures (195 QC, 200 QC, 205 QC, 210 QC) is shown in figure 

4a.5. The time corresponding to the maximum in the heat flow rate (exotherm) 

was taken as peak time of crystallization (tpeak). Such peaks are seen at each of 

the four isothermal crystallization temperatures for the 0.03 wt% ZnO containing 

nanocomposite, with the earlier or faster crystallization (smaller tpead 

corresponding to lower temperature of isothermal crystallization. In the case of 

neat PET, no exotherm is seen at the highest temperatures of 205°C, 210 QC 

because crystallization is very slow and would require longer time than the 4 

minutes employed in the DSC program. On the other hand, for the 

nanocomposite sample with 3.0 wt% Z'10, the rate of crystallization is so fast 



near the lowest temperatures 195 oC, 200 oC, 205 OC that most crystallization 

occurs already during the cooling scan (60 <lC/min) employed to reach those 

temperature, resulting in absence of exothennic peak in the heat flow curves at 

those temperatures. 
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Figure 4a.5 Heat flow during isothermal crystallization of PET· nano ZnO composite samples 

The peak time of crystallization at each of the temperatures for all the PET-' 

ZnO nanocomposite samples is plotted against the isothermal crystallization 

temperature (figure 4a.6). We notice that the treak values for the nanocomposite 



~ples reduced to less than 50 % as compared to neat PET due to the presence 

libf ZnO at concentration as low as 0.03 wt%. With the increasing ZnO 

concentration, there is further increase in the crystallization rate (as indicated by 

the decrease in treak value), demonstrating the role of ZnO in enhancing the rate 

of crystallization. 
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Figure 4a.6 Effect of nano lnO concentration on the peak crystallization time of the 
nanocomposites at different isothermal crystallization temperatures 

4a.3.2 Thermogravimetry 

The thermal stability of a material usually assessed by TGA in which 

the sample mass loss because of volatilization of degraded byproducts is 

monitored by the function of a temperature ramp. 57 The TG and DTG curves 

of neat PET and its composites with nano ZnO are given in figures 4a.7(a)& 

(b) respectively: The temperature of onset of degradation (Ti) Cc), the 

temperature at which the rate of decomposition is 10 % (TIOo~), the 

temperature at which the rate of decomposition is maximum (Tm .. J (<le), the 

temperature at which the rate of decomposition is 50 % (TSO"I.), the peak 

degradation rate and the residue at 800°C are given in table 4a.2. PET degrades in 

a single step. The degradation starts at a temperature· of 358.69 "e and the peak 

rate of degradation is 2.024 %/min at corresponding T,m, 443°C and in 



nanocomposites, T; is 383°C on adding 3.0 wt% of nano ZnO, indicatin. 

improved thermal stability of the nanocomposite. The T max temperature also 

shows slight improvement in thermal stability. Residue at 800°C is only 

about 10.43 % for PET. On adding 3.0 wt% of ZnO, residue increased to 

12.05 % from 10.43 % and the peak ratc of decomposition decreased frOIn 

2.024 to 1.749 %/min. This increase in the thermal stability of the 

nanocomposites may result from the strong interaction betwecn the nano ZnO 

and PET. On adding commercial ZnO, themlal stability remains unchanged. 
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figure 4a.7 Thermogravimetric traces of PET· nano lnO composite samples !lower curves with 
increasing lnO concentrations 0.0, 0.03, 1.0 and 3.0 wt%l 

Table 4a.2 Degradation characteristics of PET and its nanocomposites 
.. .cc,· 

Concentration TjC'C) T1o % Peak Residue at T50% Peak rate 0(; 
ofZnO Onset 8000C (C%) . decompositki~ lC) temperature lC) 

(%/min) 
'." ~'\ 

(frnaJ lC) 
'":'\ 

.... temp 
" ..... .,;:.1. 

0.0 358.69 401 443.01 10.43 443.19 2.024 -
0.03 379.04 405 443.76 10.43 443.30 1.849 

1..0 379.04 405 444.51 12.05 444.66 1.783 

3.0 383.95 405 445.43 12.05 444.66 1.749 ... 
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Figure 4a.7 Differential thermogravimetric traces of PET·ZnO nanocomposites 

48.3.3 Mechanical properties 
4a.3.3.1 Torque studies 

The variation of mixing torque with time of mixing at different ZnO 

loading is shown in figure 4a.8. A mixing time of 4 minutes was fixed since the 

torque stabilized to a constant value during this time. The temperature of the 

mixing was fixed as 255°C. The stabilization of the torque may be related to the 

attainment of a stable structure after a good level of mixing. The initjal and final 

torque values increase with increase in ZnO loading. Initially torque increases 

with the charging of PET, but decreases with melting. After homogenization of 

PET, ZnO is added. There is no change in torque on continued mixing with ZnO. 

This may be due to low concentration of ZnO. It is clear from figure that there is 

no degradation taking place during mixing. 
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4a.3.3.2 Tensile properties 

5 

The most important property of nanocomposites is the enhancement in 

mechanical properties even at low percentages of the nano filler loading. The tensile 

strenf,1h may vary strongly depending on the nature of the interactions between the 

filler and the matrix. Zhao et a1. 51 observed the effect of ZnO in pp matrix on tensile 

properties and an increase in tensile values was reported. The effect of the nano ZnO 

on the tensile properties in PET matrix is summarized in table 4a.3. 

Table 4a.3 Tensile properties of PET·nano ZnO composite 

Concentration Tensile- Tensile Elongation Shore D Energy Tensii~~ 
ofZnO (wt%) strength modulus (%) hardness to max toughne_~ 

(MPa) (GPa) (J) (J/m)J 

0.0 39.99 l.l56 5.47 51 0.5342 258.4 -
0.03 40.86 1.193 4.79 58 0.6158 324.9 

0.1 43.26 1.241 4.25 62 0.7856 381.3 -
0.5 44.79 1.273 3.61 67 0.8465 457.7 

1.0 45.83 1.314 3.15 73 0.8912 489.2 -
2.0 49.44 3.546 3.01 82 0.9566 503.4 

--: 

3.0 54.42 3.752 2.96 91 1.284 675.8 -



The results in table 4a.3 shows an increase in the tcnsile modulus and 

strength of PET with an increasing concentration of ZnO content from 0.0 

to 3.0 wt%. From 0.0 to 1.0 wt% the change in tensilc strength is about 15 

% and modulus is about 13 %. But from 1.0 to 3.0 wt% there is a rapid 

increase in tensile strength (about 20 %) and modulus (about 185 %). The 

tensile strength shows an increment of about 38 % and modulus of about 

225 % on adding 3.0 wt% of nano ZnO (figure 4a.9 & 4a.10 respectively). 

The hardness increases from 51 to 91 Shore D with the addition of 3.0 wt% 

of ZnO. The elongation to break is found to decrease with the increasing 

loading of ZnO, indicating that the nanocomposites become somewhat 

brittle. Energy to max and tensile toughness (energy/thickness of the 

sample) values (figure 4a.l I) increases with filler loading (161 % on 

adding 3.0 % ZnO). Since there is an increase in energy absorption some 

modification has taken place, which is clear from the increase in tensile 

toughness. These results demonstrate that even a small fraction of ZnO 

provide effective reinforcement to the PET matrix. This is due to better 

interaction between the PET matrix and ZnO nanoparticles. Table 4a.4 

shows the tensile properties of PET-commercial ZnO nanocomposites. 

From the table it is clear that commercial ZnO does not provide any 

reinforcement to the PET matrix. The tensile strength, energy and tensile 

toughness decreases with increasing amount of comm. ZnO and modulus 

remains almost constant. 

So composites prepared from nano ZnO can attain superior 

performance over commercial ZnO. This high reinforcement effect implies 

a strong interaction between the matrix and nano ZnO interface that can be 

attributed to the nanoscale and uniform dispersion of the ZnO in the PET 

matrix. 
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Table 4a.4 Tensile properties of PET·commercial 2nD composite 

Concentration 
of ZnO (wt%) 

0.0 

Tensile 
strength 
(MPa) 

39.99 

Tensile 
modulus 
(GPa) 

1.156 

Elongation 
(%) 

5.47 
-t-.- .-t-- .-' 

0.03 39.61 

0.1 37.92 

0.5 37.65 
-- --... --I--- .---
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Figure 4a.9 Variation of tensile strength with concentration of nano 2nD 
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Figure 4a.l1 Variation of tensile toughness with concentration of nano ZnO 

Stress-strain curves for PET and its nanocomposite is shown in figure 

4a.12. From the stress-strain curve it is clear that with nano ZnO loading the 

elongation (%) decreases. This shows the brittle nature of the nanocomposites. 

Area under the stress-strain curve increased due to energy absorption. So it is 

Clf>ar th!-lf mooification has taken place in PET matrix. 



60 

50 

Ne 40 ~ 
E -~ 30 
Cl) 
Cl) 

e 20 .. 
U) 

10 

0 

0 0.5 1.5 
Strain (0/0) 

2 

---- I 

2.5 

--- 0.0 wt % nano ZnO - 3.0 wt % nano ZnO 

Figure 4a. 12 Stress· strain curve for PET and its nanocomposite 

4a.3.3.3 Morphology of the fractured surfaces 

The morphological structure of polymer nanocomposites is important because 

it ultimately detennines many properties of the polymer nanocomposites. The 

scanning electron micrographs of the fractured surfaces of the tensile test specimens 

have been studied to acquire an insight into the mechanism of reinforcement. Figure 

4a.13 (a) shows the fracture surface for unmodified PET. It contains plane areas 

without any sign of significant plastic deformation. From figure 4a.13 (b), it is clear 

that nano ZnO exist as dispersed particles and the morphology gets substantially 

modified SEM images are in good agreement with the observed mechanical 

properties, which is due to shear yielding. Figure shows that, in different project 

positions of the matrices of PET -Zno, nanoscale Zno particles are homogeneously 

dispersed in the PET matrices. Nano Zno loading leading to stress whitening is 

prevalent in this figure, indicating localized plastic defonnation. Indeed, stress 

whitening is due to the scattering of visible light and can be attributed to the various 

proces~s that can take place in the polymer, such as matrix crazing, matrix shear 

yielding, and filler/matrix debonding.58 In PET-ZnO nanocomposites; shear yielding 



is the reinforcement mechanism. There is complete stress transfer from the PET 

Ulatrix to nano rod having high aspect ratio. There is no sign of extensive particle 

agglomeration as compared to PET -commercial Zno nanocomposite fracture 

surface shown in figure 4a.13 (c), where we can see large agglomerates and the 

dispersion is inhomogeneous. 

la) (b) 

(c) 

Figure 41.13 Fracture surface for lal pure PET Ibl PET-nanD ZnO composite 
(cl PET· commercial ZnO composite 

4a.3.3.4 Flexural properties 

A comparison of flexural strength and modulus of PET-ZnO 

nanocomposites using nano and commercial Zno is shown in figure 4a.14 (a) & 

4a.14 (b) respectively. With nano ZnO, the flexural modulus as well as the 



strength of PET increases considerably. For example, incorporation of nano ZnO 

at the level of 3.0 wt% modulus increases by around 286 % and strength by 

around 20 %. With commercial ZnO, the flexural modulus remains almost 

constant and a slight increase in strength is observed. 
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Figure 4a.14 (a) Comparison of flexural strength of PET·ZnO nanocomposites and 
(b) comparison of flexural modulus of PET·ZnO nanocomposites 



4a.3.3.5 Impact strength 

Izod impact strength (unnotchcd) of PET-ZnO nanocomposites with nano 

and commercial ZnO is compared in figure 4a.1 S. With commercial ZnO, the 

impact strength slightly decreases, but on adding 3.0 % nano ZnO, the increase 

in impact strength is about 160 %. The reinforcement with nano ZnO did not 

increase the percentage crystallinity, so there is a positive effect on impact 

strength.59 The increase in impact strength is evidenced by the tensile toughness 

values (table 4a.3) and from the area of the stress strain curve (figure 4a.12). So 

the toughness of the nanocomposite improved with nano ZnO addition . The 

decrease in impact strength for PET- commercial ZnO nanocomposite is due to 

poor dispersion and weak interaction of ZnO with the matrix. 
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Figure 48.15 Comparison of Izod impact strength of PET· ZnO nanocomposites 

4a.3.4 Dynamic mechanical analysis (DMA) 

Dynamic storage modulus (E') is the most important property to assess the 

load- bearing capability of a nanocomposite material, which is very close to the 

flexural modulus.60 It is usually used to study the relaxations in polymers. The 

ratio of the loss modulus (E") to the storage modulus (E') is known as 

mechanical loss factor (tan 8). This quantity is the measure of balance between 



the elastic phase and the viscous pha8e in the polymeric structure. This is related 

to the impact properties of a material. It represents the ratio of the dissipated 

energy to the stored energy and is related to the glass transition temperature of 

the polymer. It has been suggestedOJ -62 that the enhancement of the storage 

modulus and glass transition temperature results from the strong interfacial 

interactions between the polymer and filler and the restricted segmental motions 

of polymer chains at the organic-inorganic interface. An increase in storage 

modulus of PP matrix was observed by adding ZnO particle by Zhao et al. 51 This 

is expected owing to the stiffness improvement effect of inorganic ceramic 

particles. 

The DMA results for the dynamic storage modulus of the PET-ZnO 

nanocomposite samples as a function of temperature at I Hz are shown in figure 

4a.16. Following a slow decrease of the modulii with temperature in the glassy 

state, a rapid decrease in modulii is observed corresponding to the glass-rubber 

transition at about 75°C. The storage modulii of the nanocomposite samples 

below glass transition increases substantially with the nano ZnO concentration 

(about 25 % increase with 1 wt% and about 40 % increase with 3 wt% nano 

ZnOs) due to the stiffening effect of ZnO, and indicating efficient stress transfer 

between the PET matrix and ZnOs. But with commercial ZnO, the storage 

modulus decreases, i.e. nanocomposite is more soft and flexible. The storage 

modulus ofnanocomposites at 35 ne, 50 ne & 80 0e is given in table 4a.5. 

Table 4a.5 Storage modulus of PET - ZnO nanocomposites at 35 cC I 50 cC & 80 cC 

Sample 

PET alone 

Storage 
modulus at 

3S °e (MPa) 

lt76 

Storage 
modulus at 

50°C (MPa) 

1121 

Storage Jl 
. .. '~i{ 

modulus a(1~ 
80°C (MPa)j 

468 
--------------------------1-----------~----------_+-------------

PET-0.03 wt% nano ZnO 1445 1405 469 

PET-3.0 wt% nano ZnO 1586 1543 432 -
PET-LO wt% commercial ZnO 1128 1101 397 



Figure 4a.17 shows tan (3 versus temperature plots for PET -ZnO 

nanocomposites. It is evident from the figure that there is not much difference in 

the height of the tan (3 peak. This indicates that they possess the same order of 

damping capabilities. It is obtained in many cases that the improvement of 

stiffness markedly reduces the ductility. But PET-ZnO nanocomposite is 

prepared with increased stiffness without sacrificing ductility. From the tan 8 

peak it is clear that with nano ZnO only a slight increase in glass transition 

temperature is observed, but it decreases by around 10 (lC with commercial ZnO. 

Loss modulus curves for the PET - nano ZnO composite is given in figure 4a.18. 

Tg. loss modulus and tan 8 values of PET- ZnO nanocomposite are given in table 

4a.6. It is clear from tabling that loss modulus increases with modification. The 

glass transition temperatures are consistent with the DSC results given in section 

4a.3.1.1. A slightly higher Tg value of DMA than that of DSC is due to the 

frequency difference between these two measurements. 
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Figure 4a.18 loss modulus curves of PET· nano ZnO composites 

With the addition of nano ZnO, loss modulus values increases and on 

adding commercial ZnO, modulii remains constant. 



;moa~ OJ""Lngmer:rrne"'zne,mopuu"UJ 03'''8 JfU'W LIIW CJJ(jiU 

Table 4a.6 Tg, loss modulus and tan 0 values of PET·ZnO nanocomposite samples 

~;< Loss Peak values 
modulus Tg °e (from 

:~: --

Sample 
(MPa) tan 0 peak) 

oftan 0 at 
T-

'~t 
g 

PET alone 146,6 78.03 0.3241 

-PET-0.03 wt% nano ZnO 169.7 79.40 0.3452 

PET-3.0 wt% nano ZnO 199.2 79.27 0.4031 
----~---. -- ----- --- ... _- --- --_. - ----

PET- 1.0 wt% commercial ZnO 146.3 70.2 0.3455 

It was observed that the modulus, E' = (loss modulus 2 + storage modulus 2) '/2 

for the neat PET is numerically consistent with the tensile modulus reported by the 

Dow Chemical Co. PET chains are severely entangled and the function of 

nanoparticles as physical anchorage points is relatively insignificant. The mobility 

of molecular chain segments is largely determined by entangling conditions. 

Therefore, T g of PET does not have a clear variation with the addition of nano 

ZnO. The T g of PET - nano ZnO composites slightly increases with ZnO content, 

because ZnO nanorods having larger aspect ratio can restrict the seh'mental 

motion of PET molecules and reduce the free volume of polymer chain folding. 

But in the case of commercial ZnO nanocomposites, due to the coarse nature of 

ZnO, T g value decreases. 

Reportedly, any molecular process that promotes distribution and dissipation of 

energy would enhance the impact resistance of polymers, because viscoclastic 

relaxation of polymers is an important mechanism of energy dissipation. Correlation 

of impact and dynamical properties in tenns of tan 8 peak values of the 

nanocomposites has been done. The variation of the impact strenh>th as a function of 

the total loss tangent peak values for PET -nano ZnO composites and PET­

commercial ZnO composites is shown in fih'Ure 4a.19 & 4a.20 respectively_ The 

curves show a non-linear shape and features similar to those of curve depicting the 

Variation of impact strength with concentration of ZnO. 'Ibe increase in impact 

strength with the total loss tangent peak values indicated the role of viscoe1astic energy 

dissipation mechanism in the impact enhancement of nano Zno composites. 
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4a.3.5 Melt rheology 

It is believed that the rheometry has been recognized as a powerful tool for 

investigating the internal microstructures of nanocomposites63 .66 such as the state of 

dispersion of filler and the confinement effect of tillers on the motion of polymer 

chains. Moreover, it may provide some useful guidance to overcome the possible 



rdifficulties resulting from the large changes in melt viscoelastic properties observed 

. in the nanocomposites. The measurement of rheological behaviours of 

nanocomposites has received prominent attention recently because most 

fabrication techniques involve flow of the polymer melt. Rheological studies 

I . G' l' 67 d M . 68 were done on po ymer layered silicate nanocomposltes. lanne IS an 31U3S 

found that the steady- state shear viscosity of a series of polydimethylsiloxane 

nanocomposites at low shear rates increased due to the introduction of clay, but 

Newtonian-type behaviour was still observed even at reasonably high silicate 

loadings. Moreover, they attributed the shear thinning behaviour observed for 

PNCs to the orientation of the tiller under shear and polymer coils. Galgali et 

at 69 investigated creep behavior of molten polypropylene/organoclay 

nanocomposites, revealing that the solid-like rheologial response of the 

nanocomposite originates from large frictional interactions of the clay 

crystallites. The influence of matrix molecular weight in the case of nylon 6/c1ay 

nanocomposites was also examined by Fomes et aL 7(1 via dynamic and steady shear 

capillary tests. They found that high molecular \veight nylon 6 nanocomposites 

exhibited solid-like, non-Newtonian behaviour while the nanocomposites with lower 

molecular weight nylon 6 displayed Newtonian plateaus at low shear frequencies. 

The melt viscosity as well as the shear stress increased with increasing molecular 

weight of nylon 6, which was considered as the major contributor to exceptional 

exfoliation of clay platelets in the higher molecular \V'eight matrix. More recently, 

Kiln et a1. 71.72 investigated the rheology of polystyrene nanocomposites based on 

either inorganical montmorillonite or organically modified montmorillonite and also 

observed a shift from liquid-like to solid-like behaviour, proving the formation of a 

supennolecular structure in the nanocomposites. Beyond the work mentioned above, 

Lim et al. 73 examined the preference of the intercalating competition in a binary 

polymer blend of poly (ethylene oxide) (PEO) and poly (methyl methacrylate) 

(PMMA), confim1ing better affinity of PMMA for organoclay than PEO. Kim et 

at14 prepared high impact polystyrene (HIPS)/organoc1ay nanocomposites by in situ 

polymerization and found that the organoclay prefers to disperse into the rubber 

phase. SWNTs and MWNTs also improved melt viscosity of PET matrix.49 



The rheological behaviour of PET -ZnO nanocomposites is studied at three 1 

different temperatures 250, 260 & 270 "C. Effect of shear stress, filler loading and 

temperature on rheoloh>1cal behaviour is also investigated. 

4a.3.S.1 Effect of shear stress on shear viscosity 

Figure 4a.21 present the shear viscosity vs. shear stress curves of PET -nano 

ZuO composites at 260 ne with increasing ZnO concentration from 0.0-3.0 wt%. We 

also examined the flow behaviour of PET nanocomposites filled with 1.0 % 

commercial ZnO. As shear stress increases, the viscosity of PET -ZnO composites 

decreases in all cases, indicating the pseudoplastic flow behaviour. At zero shear, the 

molecules are mndomly oriented and highly entangled and therefore exhibited high 

viscosity. Under the application of shearing force, the polymer chains orient, 

resulting in the reduction of shear viscosity and thus exhibit shear-thinning 

(pseudoplastic behaviour).75.76 It is just this pseudoplasticity that makes the 

nanocompositcs to be easily melt-processed. Effect of temperature on shear viscosity 

of PET nanocomposites filled with 1.0 % nano ZnO is given in fih'llre 4a.22. With a 

rise in temperature from 260 to 270 "c the value of shear viscosity decreases, 

especially at relatively lower apparent shear stress. The melt viscosity increases 

when the temperature decreases to 250 "C. 
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4a.3.5.2 Effect of tiller loading 

Since entanglement of polymer chains and arrangement of ZnO are not 

permanent and altered by now and relaxation processes, any disturbance of this 

steady state, such as shear, will disrupt the structure of the polymer matrix. 

Figure 4a.23 shows the variation of shear viscosity with increasing concentration 

of nano ZnO from 0.0-3.0 wt% at six different shear rates. It is clear from the 

figure that shear viscosity increases with nano ZnO addition and this increase is 

more prominent at low ZnO concentration. With further increase of ZnO content 

from 1.0 to 3.0 wt% the shear viscosity almost remains constant. Also it can be 

seen from the figure that shear viscosity decreases substantially with increasing 

shear rate, but increases monotonically with increasing nano ZnO loading at a 

given shear rate. 71 ,72 
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Figure 4a.24 examines the variation of shear viscosity of PET 

nanocomposites with concentration of commercial ZnO at four different shear 

rates. It is clear from the figure that viscosity decreases with ZnO loading. 
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4&.3.5.3 Effect of temperature 

An understanding of the mechanism of polymer flow processes in relation 

to the nature and composition of the material can be elucidated by a study of the 

temperature dependence of shear viscosity. Namely, the temperature sensitivity 

of the shear viscosity has a profound effect on the choice of processing 

conditions as well as on the quality of the end products. Shear viscosities of pure 

PET and nanocomposite melts decreased with increasing extrusion temperature 

in the range of 250-270 QC, demonstrating that increasing temperature improves 

the flow behavior of the polymer melts. However, the effect of temperature on 

shear viscosity changes with the shear rate. The data indicate that the 

temperature sensitivity of shear viscosity is high in lower shear rate region, and 

drops at higher shear rates. This phenomenon is in agreement to the fact that 

elevating shear rate always accompanied by a rapid decrease of the entanglement 

density of macromolecules and the melt viscosity.77 The temperature dependence 

of shear viscosity can be stated by Arrhenius-Eyring equation,78 

lla =Ao exp (E/RT) ---------------------------------------- 4a.1 

Where lla is the melt viscosity at temperature T, R the universal gas 

constant, A" a frequency term depending on the entropy of activation for 

flow, and Ea is taken to be the activati()fl energy for viscous flow. The 

Arrhenius plots of PET -nano ZnO composites at two different shear rates are 

given in figure 4a.25 (a) & (b). A good linear correlation was found in the 

plot of In 110 vs. I IT, which has proved the appropriateness of the Arrhenius­

Eyring equation. Values of Ea obtained from the slopes of these plots are 

given in table 4a.7. The activation energy of a material provides valuable 

information on the sensitivity of the material towards the change in 

temperature. The higher the activation energy, the more temperature sensitive 

the material will be. Therefore, such information is highly useful in selecting 

the processing temperature of polymeric materials. 



From the table 4a.7 it can be observed that the activation energy of flow of 

the composites increases with modification at lower shear rates, while, it remains 

a constant at higher shear rate. 
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Table 4a.7 Activation energies of PET· nanD ZnO composites at two shear rates 

-
Concentration of ZnO Activation energy (KJ/mol) 

(wt%) 
0.66667/s 2.6664/8 

0.0 13.7 43.2 
- ----- r------ -------- ---. 

0.03 14.2 40.1 
---------- 0.5 16.7 40.1 

---~---'--- .. -. ----,-----~- ~-~- r--- ----_.- ---

\.0 25.6 43.2 
---~-.----.. -----~ f--------------- ---._ ... _- -- --

3.0 45.6 46.7 

4a.3.5.4 Flow behaviour index (n') 

The effects of temperature and concentration of ZnO on the flow behaviour 

indices of the samples have been studied in detail. The extent of pseudoplasticity or 

non-Newtonian behaviour of the materials can be understood from n' values. 

Pseudoplastic materials are characterized by n' below I. Flow behaviour index values 

of PET- nano ZnO composites at 260 QC and 270 QC are given in figure 4a.26. It is 

clear from the figure that n' decreases with increasing concentration of ZnO and with 

increasing temperature. This suggests that the system becomes more pseudoplastic as 

the ZnO content and temperature increases. A similar trend of decreasing values of n' 

with an increase in temperature has been reported.75,79,80 
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4a.3.5.5 Die swell 

Die swell, called Barus effect is an important parameter for characterizing 

polymer melt elasticity in an extrusion flow and is related to the quality of the 

end products.8l.R2 

4a.3.5.5.1 Effect of shear rate and concentration of ZnO 

Figure 4a.27 shows the plots of the die swell ratio, de/dc for PET and PET­

ZnO nanocomposites at 260°C at six different shear rates. The die swell ratio 

increases obviously with increasing shear rate at a constant ZnO content. From the 

viewpoint of the microrheology, the action of an outside shear field leads to the 

extension, orientation, and arrangement of polymer chains along the flow direction. 

Furthennore, the elastic energy stored in the melts increases correspondingly with 

increasing shear rates. When the melt leaves the die exit, the extended and oriented 

polymer chains exhibit an elastic recovery and tend to recover to their original 

random states, due to the disappearance of an outside force field. 82 It is noticeable 

that at a constant shear rate, the die swell ratio decreases slightly with a rise of ZnO 

content. Similar phenomena of nonlinear decrease were also observed in the cases of 

carbon black-filled polybutadiene (or butadiene-styrene copolymer) H3, Ti02-filled 

HDPE compositeK4 and glass bead-filled LDPE composite.Rs Li et al. 77 supposed it is 

the combined effect of the melt elasticity of the continuous phase, the extent of 

defonnation of the dispersed phase and the difference in the volume contraction 

between the two phases due to the increase of density after the strand cools to room 

temperature that affects the die swell. It is generally believed that not only the 

polymer but also the filler particles oriented under shear and the latter will 

unavoidably limit the elastic recovery of the confined molecule chains in a plane 

vertical to the extrusion direction after leaving the capillary die. In other words, the 

oriented ZnO particles counteract at a certain degree, the positive contribution of the 

continuous phase to die swell. The more the ZnO contcnt, the stronger the hindrance 

to the release of elastic energy of the composite melts, and as a result, the lower the 

extent of die swell. This effect is usually described as a decrease of melt elasticity.86 

On the other hand, increasing shear rate will inevitably enlarge the degree of 



orientation of the Zno particles i.e., strong shear is unfavorable to die swell. This 

hypothesis has been confinned by the fact that the die swell ratio drops more sharply 

with increasing ZnO loading at a high level of the shear rate, compared to that in the 

region of lower shear rate (figure 4a. 27). 

Figure 4a.28 shows the variation of die swell ratio of PET nanocomposites 

filled with 1.0 % commercial ZnO at different shear rates. Here also die swell 

ratio decreases with ZnO loading. 
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4a.3.5.5.2 Effect of temperature 

Variation of die swell ratio of PET-nano ZnO composites at 3 different 

temperatures is given in figure 4a.29. It is clear from the figure that die swell 

ratio decreases with temperature. 
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Figure 4a.29 Variations of die swell ratio of PET·nano ZnO composites with temperature 

4a.3.5.6 Extrudate deformation studies 

The appearance of the extrudate of neat PET and composites with 1.0 % 

nano ZnO at six different shear rates is shown in figure 4a.30 (a) and (b) 

respectively. From the figure it is clear that the extrudate distortion tendency 

increases with the shear rate. At a low shear rate, the extrudate has a smooth 

surface: however, at a higher shear rate, the surface becomes rougher. The ZnO 

content of the nanocomposite also plays a major role in determining the surface 

characteristics. As the ZnO content increases, the surface roughness also 

increases. Several factors contribute towards surface irregularity. It has been 

conclusively shown by photographic techniques87.88 that a fracturing or breaking 

of the elastically deformed flowing polymer stream occurs at the entrance to the 

capillary itself at some critical shear stress. Another factor contributing towards 

extrudate distortion is the successive sticking and slipping of the polymer layer 



at the wall in the capillary.89.90 Moreover, there may be an effect at the exit as 

well. Shear thinning behaviour of the nanocomposites is clearly visible in these 

photographs. 

Figure 4a. 30 Extrudate photographs of (a) neat PET and (b) PET· nano ZnO composites filled 
with 1.0 % ZnO at six different shear rates (a) 0.01333/s (h) 0.1333/s (c) 0.66667/s 

(d) 1.3332/s (e) 2.6664/s If) 6.6667/s 
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MODIFICATION OF POLYAMIOE 6 USING NAND ZINC OXIDE 

4b.llntroduction 

Advanced polymer composites are replacing metals in many bearing and 

gear applications owing to its lightweight and economic fabrication. Polymers 

have poor mechanical strength compared with metals and are reinforced with 

fillers to improve the mechanical properties.91 Among engineered thermoplastic 

polymers, polyamides have a wide and continuously growing market spread, due 

to their favourable properties (chemical and mechanical resistance, low 

permeability respect to gases and vapours, high optical transparency, print ability 

etc.). Polyamide 6 (PA 6) is a semi crystalline polymer material with low cost 

and high performance: it is currently used in fibre- reinforced thermal plastic 

composites. The main applications of PA 6 are in fibres, fi lms and as injection­

moulded engineering plastics.92-95 The mechanical properties and the 

crystallization rate can be modified by the addition of inorganic fillers. 96 Fillers 

widely used are calcium carbonate, talc, silica, clay, glass fibre etc. which play 

an important role in the plastic fil1er market.97-99 The influence of these fillers on 

the polyamide strongly depends on their shape, particle size, distribution and 

surface characteristics. A composite with improved properties and a low particle 

concentration (to preserve properties of pure matrix) is desired. 100 

This study is aimed at producing P A 6 nanocomposites with varying ZnO 

concentration and analyzing them for their crystallization, mechanical, dynamic 

mechanical and rheological properties. 

4h.2 Experimental 

A simple melt-compounding route was adopted for the preparation ofPA 6-

ZnO nanocomposites. The melt compounding was performed using Thermo 

Haake Rheocord 600 mixing chamber with a volume capacity of 69 cm3 fitted 

with a roller type rotors operating at 40 rpm for 10 min at 230°C. 

Nanocomposites at different concentrations (0.0-3.0 wt%) of ZnO were 



prepared. In all cases the torque stabilized to a constant value in this mixing 

time. The crystallization behaviour, thermal stability, morpho1ob'Y, melt 

rheology, mechanical and dynamic mechanical property of the nanocomposites 

using commercial and nano ZnO were analyzed according to the details 

summarized in sections 2.3 of this thesis. 

4b.3 Results and discussion 

4b.3.l Differential scanning calorimetry 

4b.3. t.l Non-isothermal 

There are a few publications in the research literature that focus on polymer 

crystallization via nanoparticles of zinc oxide. 101 Recently, Zheng et al. 

investigated the structure and morphology of the PA 6- ZnO nanocomposites. 

They reported that ZnO nanoparticle can induce the crystallization of the 1-

crystalline fonn of PA 6 from the melt. 95 

In this section we compared the crystallization characteristics of P A 6 matrix 

using nano and commercial ZnO. The effect of nano ZnO on the crystallization 

characteristics of melt compounded P A 6-ZnO nanocomposite samples was 

analyzed first with non-isothermal DSC experiments. The crystallization 

temperatures (Tc), the apparent melting temperatures (T nJ, the corresponding 

enthalpies (~I-L: and ~Hm) and the degree of supercooling (~T= Tm- Tc) are also 

reported in table 4b.l. 

Table 4b.1 DSC determined thermal characteristics of PA 6·nano ZnO composite samples 

Cqncentration :r~tc) ABe(~la) '. it Allm (JIg) AT Tm(C) 
ofZnQ(~t%) 

'.- - (OC) ," 
0.0 182.31 61.95 215.72 62.55 33.4 

0.03 192.65 61.55 217.83 60.08 25.2 

0.1 194.56 62.36 216.60 59.63 22.0 

0.5 196.21 62.02 217.35 60.79 21.1 

1.0 197.89 63.51 216.23 62.61 18.3 

2.0 198.05 51.58 217.80 62.86 19.7 

3.0 200.23 52.58 219.58 59.96 19.3 



Figure 4b.l shows the DSC cooling scans of PA 6-nano ZnO composite 

samples. During cooling from the melt, the ZnO containing samples show 

crystallization exothenns earlier than neat PA 6, as also seen from the 

corresponding Te values indicated in table 4b.l. It is found that the nanocomposite 

sample containing nano ZnO at a concentration as low as 0.03 wt% enhances the 

rate of crystallization in P A 6 as the cooling nanocomposites melt crystallizes at a 

temperature 10 QC higher as compared to neat PA 6. The Te values continue to 

increase with increasing Zno concentration, but at a slower rate, as with further 

100 fold increase in Zno concentration from 0.03 to 3.0 wt%, the additional Tt 

increase is only about 8 QC. In other words, there is a saturation of the nucleant 

effect at low Zno concentrations, resulting in diminishing dependence on the 

increasing ZnO induced nucleation, possibly because of large surface area and 

good dispersion of ZnO. Khanna et a1. 102, Aharoni et al. 103 and Fomes et a1.97 have 

rep011ed an increase in crystallization temperature. The melting temperature and 

enthalpies of P A 6 stay unaffected. 

The Ll T values for the PA 6-nano ZnO were 25-18 °c smaller than that of 

neat PA 6 (33 DC) (figure 4b.2). From these results nano Zno content affects the 

crystallization rate and takes the role of a nucleating agent on P A 6 

crystallization due to its enonnous surface area. The results indicated that the 

incorporation of ZnO nanoparticles had little effects on the degree of 

crystallinity of PA 6. Tjong et a1. also observed this behaviour in LDPE- Zt:lQ 

nanocomposites. I04 Furthennore, the glass transition temperature (T J of 

nanocomposites resulted in a slight increase in value from 83 QC in the case of 

neat PA 6 to 84°C. With increase in Zno loading, T g remains unaffected. This 

result suggests that the movement of P A 6 chains is hindered by the introduction 

of ZnO nanoparticles. 
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Figure 4b.3 DSC cooling scans of PA 6·commercial ZnO nanocomposite samples 

Figure 4b.3 shows the DSC cooling scans of PA 6-commercial ZnO 

nanocomposite samples. On adding commercial ZnO, the total increase in 

crystallization temperature were 1 DC and ~Hc, ~Hrn, Tc and Tm values 

remains constant with ZnO loading. T g of the nanocomposites slightly 

decreased from 83°C in the case of neat P A 6 to 81 (lC. The ~ T values for 

the P A 6-commercial ZnO composites remain a constant near the neat P A 6 

value (33°C). So it is clear that commercial ZnO is not a nucleating agent for 

P A 6 matrix since there is no change in the crystallization rate of P A 6 on 

adding commercial ZnO. 

Figure 4b.4 compares the crystallization temperatures of .PA 6 

nanocomposites using commercial and nano ZnO. It can be seen that nano ZnO 

is a better nucleating agent than commercial ZnO. Tc increase is only about 1 QC 

on additing 3.0 wt% commercial ZnO, but for nano ZnO addition, the value is 

about 18°C. This is because, interactions between the filler surface and the 

matrix substantially decreased and the particles do not show to behave as 

nucleating agents, in the case of commercial ZnO. 
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Figure 4b.4 Comparison of crystallization temperatures of PA 6- ZnO nanocomposites using 
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4b.3.1.2 Isothermal crystallization characteristics 

Figure 4b.5 shows the typical isothennal crystallization curves of the PA 6-

nano ZnO composite samples at four temperatures (190 nC, 195 nc, 200°C and 205 

nC ). The time corresponding to the maximum in the heat flow rate (exothenn) was 

taken as peak time of crystallization (t"ca) Such peaks are seen at each of the four 

isothennal crystallization temperatures for the 0.03 wt% ZnO containing 

nanocomposite, with the earlier or faster crystallization (smaller ~) corresponding 

to lower temperature of isothemlal crystallization. For the case of neat PA 6, no 

exothenn is seen at the highest temperatures of 195°C, 200 °c , 205°C, because 

crystallization is very slow and would require longer time than the 4 minutes 

employed in the DSC program. On the other hand, for the nanocomposite sample 

with 3.0 WfOIo ZnO, the rate of crystallization is so fast near the lowest temperatures 

190°C, 195 nC that most crystallization occurs already during the cooling scan (60 

°C/min) employed to reach those temperature, resulting in absence of exothcrmic 

peaks in the heat flow curves at those temperatures. 

Zheng et al.95 gave possible nucleation mechanism for PA 6-ZnO 

nanocomposites. They reported that there are no chemical reaction between the ZnO 

nanoparticles and nylon 6. The possible nucleation mechanism of crystalline nylon 6 



on the ZnO surfaces may be the epitaxial growth of nylon 6 crystals for matching the 

lattice parameters of ZnO. Zno can apparently supply a sufficiently ordered surface 

to fonn hydrogen bonding with nylon 6 and, therefore, reduce its surface energy. 

The peak time of crystallization at each of the temperatures for all the PA 6~ 

Zno nanocomposite samples is plotted against the isothermal crystallization 

temperature (figure 4h.6). We notice that due to the presence of ZnO the tpeak values 

for the nanocomposite samples reduced to less than 50 % as compared to neat P A 6 

at concentration as low as 0.03 wt%. With the increasing Zno concentration there is 

further increase in the crystallization rate (as indicated by the decrease in tpeak), 

demonstrating the role of Zno in enhancing the rate of crystallization. 
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Figure 4b.5 Typical isothermal crystallization curves of the PA 6· nanD ZnO composite samples 

at four temperatures (190 DC, 195 DC, 200 DC and 205 DC) 
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Figure 4b.6 Effect of nano ZnO concentration on the peak crystallization time of the 
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4b.3.2 Thermogravimetry 

The TG and DTG curves of neat P A 6 and its composites using nano Zno are 

given in figures 4b.7 & 4b.8 respectively. The temperature of onset of degradation T j 

(0C), the temperature at which the rate of decomposition is 10 % (TJ(l'!~) (0C), the 

temperature at which the rate of decomposition is maximum (T max) eC), the 

temperature at which the rate of decomposition is 50% (Tso% ) ("C), the peak 

degradation rate and the residue at 800°C are given in table 4b.2. P A 6 degrades in a 

single step. The degradation starts at a temperature of 315 QC and the peak rate of 

degradation is 2.914 o/oImin at corresponding T max 431°C and in nanocomposites, T j 

is 330°C on adding 3.0 wt% of nano Zno, indicating improved thermal stability of 

the nanocomposites. The T ma" temperature also showed improvement in thermal 

stability. Residue at 800°C is only about 0.2531 % for PA 6. On adding 3.0 wt% of 

Zno, residue increased to 5.415 %. Peak rate of decomposition decreased from 

2.914 to 1.915 o/oImin. This increase in the thermal stability of the nanocomposites 

may result from the strong interaction between the nano ZnO and P A 6 molecules. 



But on adding commercial Z110, themal stability slightly decreases (figure 4b.9). 

The T nux temperature decreases from 431 {le to 426°C on adding 1.0 wt% 

commercial Z110. 
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Figure 4b.7 Thermogravimetric traces of PA 6 . ZnO nanocomposite samples (lower curves 
with increasing ZnO concentrations 0.0, 0.03, 1.0, 3.0 wt%1 

Table 4b.2 Degradation characteristics of PA 6 and its nanocomposites 

" 
; .," ... 

ConceJlU'ation Tt(°C) 1.'10% 
ReSidue Peak rate of T50~ 
at800°C deeom.rositioil . Tmu(C) 

ofZnO Onset ;,t~)· .(~.) . (%wmin) rC) 

0 ~_~ __ ~3:.~.2531 2.914 428 431 
------- ------- - - -

0.03 330 343 I 3.199 2.058 434 442 
-- '------ .. --- -- --_~ __ I 351_t3~4.443 J-3: 172 _l439T 

3.0 T 378 I 372 I 5.415 I 1.915 1 451 I 

460 

489 
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4b.3.3 Mechanical properties 

4h.3.3.1 Torque studies 

The variation of mixing torque with time of mixing at different Zno 

loading is shown in figure 4b.1O. A mixing time of 10 minutes was fixed since 

the torque stabilized to a constant value during this time. The temperature of the 

mixing chamber was fixed as 230°C. The stabilization of the torque may be 

related to the attainment of a stable structure after a good level of mixing. The 

initial and final torque values increase with increase in ZnO loading. Initially 

torque increases with the charging of PA 6, but decreases with melting. After 

homogenization of PA 6, ZnO was added at 4 min. There is a little increase in 

torque on continued mixing with ZnO. After mixing, the torque value is found to 

be steady. It is clear from figure that there is no degradation taking place during 

the mixing stage. Similar trend in torque is observed when commercial ZnO is 

mixed with P A 6. 
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Figure 4b.l 0 Torque·time curves of PA 6 nanocornposites 

4h.3.3.2 Tensile properties 

15 

The effects of the nano ZnO on the mechanical properties are summarized 

in table 4b.3. 



Table 4b.3 Tensile properties of PA 6- nano ZnO composites 

Tensile TeliSiIe Elongation ShoreD Energy TenSile &ricentration~of 
·ZnO(~Ie)·o strength m«KtuJus. (1I1e) hardness tomax toughness 

(MPII) 
(GPa) (J) (J/m) 

.... - 0.0 64.91 1.307 18.98 70 1.118 527.3 
-----_. ----~--~--------~-

---~-

0.03 71.60 1.422 16.23 73 1.951 965.8 
.------- 0 ___ - ----- - -~ 

~ -
0.1 76.42 1.639 12.91 80 2.253 1062.7 

-- -- -- ---- - ---- - -- - -- --
~ --

0.5 80.22 1.691 11.02 81 3.001 1200.0 
------ --- .- --- f------ - -'----

1.0 82.32 1.786 11.22 85 3.254 1301.6 
--~-- --- -

2.0 84.67 1.790 10.43 90 3.489 1585.9 
-----

3.0 85.60 1.801 9.55 92 3.678 1599.1 

The necking phenomenon was observed in pure P A 6 and its composites at 

about 1.0 wt% ZnO. Table 4b.3 shows an increase in the tensile modulus and 

strength ofPA 6 with an increasing concentration of ZnO content from 0.0 to 3.0 

wt%. From 0.0 to 1.0 wt% the change in tensile strength is about 27 % and 

modulus is about 37 %. But from 1.0 to 3.0 wt%, the increase in tensile strength 

is only about 4 % and modulus is about 1 %. The tensile strength showed an 

increment of about 38 % and modulus of about 38 % on adding 3.0 wt% of nano 

ZnO. So, for etlective reinforcement only less than 1% ZnO is necessary. The 

Shore 0 hardness also supports the reinforcement. The elongation to break is 

found to decrease with increasing loading of ZnO, indicating that the ductility of 

neat PA 6 is reduced. Energy to maximum and tensile toughness (energyl 

thickness of the sample) values increases (figure 4b.ll) with filler loading. 

These results demonstrate that even a small fraction of ZnO provide eOffective 

reinforcement to the PA 6 matrix. This is due to better interaction between the 

PA 6 matrix and ZnO nanoparticles. As aspect ratio of ZnO is high, it has a large 

surface area available for adhesion between the polymer molecules and ZnO 

particles. This facilitates better load transfer to the reinforcing phase and 

contributes to the improved strength and modulus. 105 



Comparison of tensile srength and modulus of PA 6 nanocomposites using 

commercial and nano ZnO (figure 4b.12 & 4b.13 respectively) showed that nano 

ZnO gave better reinforcement to PA 6 matrix than commercial ZnO. The 

improvement in tensile strength and modulus is about 7 % and 8 % respectively on 

using 3.0 wfllo commercial ZnO. Elongation, energy to maximum and tensile 

toughness ofPA 6-commercial ZnO nanocomposites decreases (table 4b.4). 
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Figure 4b.12 Comparison of tensile strength of PA 6 nanocomposites using nano and 
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Figure 4b.13 Comparison of tensile modulus of PA 6 nanocomposites using nano and 
commercial ZnO 

Table 4b.4 Tensile properties of PA 6· commercial ZnO nanocomposites 

Concentration · E160·gation Shore D Energy Tensile 
ofZnO (wt%) (%) hardness .(J) toughness 

(J/m) 

0.0 18.98 70 1.118 527.3 

0.03 18 .67 72 1.109 433.2 

0.1 16.82 73 1.112 427.6 

0.5 16.87 76 1.076 446.4 

1.0 16.21 83 1.001 357.9 

2.0 15 .90 87 0.987 346.2 

3.0 15.23 88 0.785 331.0 

So composites prepared from nano ZnO can attain superior 

performance over commercial ZnO. This high reinforcement effect implies 

a strong interaction between the matrix and nano ZnO interface that can be 

attributed to the nanoscale and uniform dispersion of the ZnO in the PA 6 

matrix. 



Stress-strain curves for PA 6 and its nanocomposite is shown in figure 

4h.14. From the stress-strain curve it is clear that with nano ZnO loading the 

elongation(%) decreases. Area under the stress-strain curve increases due to 

energy absorption. This is clear from the tensile toughness values given in figure 

4b.ll. So it is clear that modification has taken place in P A 6 matrix on adding 

nanoZnO. 
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Figure 4b.14 Stress·strain curves for (al neat PA 6 (bl PA 6· ZnO nanocomposites 

4b.3.3.3 Morphology of the fractured surfaces 

The scanning electron micrographs of the fractured surfaces of the tensile 

test specimens have been studied to acquire an insight into the mechanism of 

reinforcement. Figure 4b.15 (a) shows the fracture surface of neat PA 6 which 

shows the ductile behaviour. Figure 4b.15 (b) shows the fracture surface for PA 

6-nano ZnO composites. From the image it is clear that nano ZnO exist as 

dispersed particles and the morphology gets substantially modified. Figure 

shows that, in different project positions of the matrices ofPA 6-ZnO, nano ZnO 

particles are homogeneously dispersed in the PA 6 matrices. Apart from some 



agglomerated particles, a relatively good dispersion is clearly visible. There is 

complete stress transfer from the PA 6 matrix to nanorod having high aspect 

ratio. Some cavities or voids due to debonding are observed in these figures. But 

in PA 6-commercial ZnO nanocomposites [figure 4b.J5 (c)], the particles are 

pulled away immediately upon application of stress, as this may reduce the 

elastic modulus. 

(a) (b) 

(c) 

Figure 4b.15 SEM images of (a) neat PA 6 (b) PA 6- nanD ZnO composite 
(c) PA 6- commercial ZnO composite 



4b.3.3.4 Flexural properties 

A comparison of flexural strength and modulus of PA 6-ZnO 

nanocomposites using nano and commercial ZnO is shown in Figure 4b.16 (a) & 

4b.16 (b) respectively. With nano ZnO, the flexural modulus as well as the 

strength of PA 6 increases remarkably. For example, incorporation of nano ZnO 

at the level of 3.0 wt%, modulus almost increases five times the value of neat PA 

6 and strength increases by around 17 %. The reinforcement is due to smaller 

particle size, high surface area, uniform dispersion and good interfacial 

interaction of nano ZnO with PA 6 matrix. With commercial ZnO, the flexural 

modulus and strength decreases. 
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4b.3.3.5 Impact strength 

Polyamide 6 possess very high impact strength, composites require more 

strength and energy to break. Izod impact strength (unnotched) of PA 6-ZnO 

nanocomposites using nano and commercial ZnO is compared in figure 4b.17. 

With commercial ZnO, the impact strength, maintain at the same level but with 

nano ZnO, the increase is about 53 % on adding 3 wfllo of ZnO. The addition of 

nano ZnO did not increase the percentage crystallinity, so there is a positive 

effect on impact strength.59 The increase in impact strength is evidenced by the 

tensile toughness values given in figure 4b.ll. So the toughness of the 

nanocomposite improved with nano ZnO addition. 

The enhancement of impact strength of nano ZnO reinforced composites, is 

due to particle induced cavitation 106 which is clear from the SEM images shown 

in figure 4b.15 (b). This process was encouraged by the amorphous nature of the 

particle-matrix interface. In comparison to crazing-tearing, particle induced 

cavitation process released plastic constraint and encouraged plastic defomlation 

of the matrix. Similar to the requirement of void creation via cavitation, Argon 

and Cohen proposed that for improvement in impact strength, the particle must 



debond from the matrix creating voids around the particles and allowing the 

interparticle ligaments to deform plastically.lo7.11O In fact, the stretching of the 

matrix ligaments between cavitated or debonded particles is the main adsorbing 

energy mechanism. On the other hand, voids reduce the macroscopic plastic 

resistance of the material and void. coalescence also potentially decreases the 

fracture strain and the overall toughness achievable by the material. Ideally, the 

voids should not form immediately upon application of stress as this may reduce 

the elastic modulus.'" This is the reason for decrease in mechanical properties of 

PA 6- commercial ZnO nanocomposites which is clear from the SEM images 

[figure 4b.IS(c)]. So to improve toughness, it is necessary to obtain a low 

particle matrix adhesion (to favour debonding) but at the same time it is also 

necessary to prevent particle agglomeration and void coalescence. 

The impact strength improvement obtained in the samples indicate that the 

effect of nucleation on the impact strength is smaller compared with that of the 

interfacial adhesion, considering that most nucleating agents decrease the impact 

when they increase the crystallization temperature, it is interesting that the 

prepared ZnO nanoparticles increases both properties at the same time. 
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4b.3.4 Dynamic mechanical analysis (DMA) 

The DMA results for the dynamic storage modulus of the P A 6-ZnO 

nanocomposite samples as a function of temperature at 1 Hz are shown in figure 

4b.18. A slow da.Tease in modulii is observed for the nanocomposites. The storage 

modulii of the nanocomposite increases substantially with the nano ZnO concentration 

showing the stiffening effect of nano ZnO. But modulii decreases with addition of 

commercial ZnO. The storage modulus of nanocomposites at 35 "c, 50 DC & 80 "c is 

given in table 4b.5. 

Table 4b.5 Storage modulus of PET- ZnO nanocomposites at 35 ·C, 50·C & 80·C 

. Storage. Storage Storage 
: . mociulliS modulus at 

Sample . mOdhlliS .t a(SO. !)C. 3~f"C ' .. 

~~.;~ (MPa) 
(MPal ... . (MPa) 

PA 6 alone 396 334 287 
-----. ------_.-f--.--.-. .-

PA 6/0.03 wt% nano ZnO 467 403 283 
--. -------- --- --.-- f----- - - --'- ---- _.-

PA 6/1.0 wt% nano ZnO 492 431 295 
-. ----_. ._--._-_. --- ---. ----

PA 6/3.0 wt% nano ZnO 1373 1235 855 
-- -._- ---- --- --'- - -- '--- --_. -

PA 6/0.03 wt% commercial ZnO 354 314 256 
--- ----'- -- - .. -- - --- .----- - -- -- -

PA 6/1.0 wt% commercial ZnO 312 264 237 

From the table it is clear that storage modulii of PA 6-nano ZnO 

composites increases to about 25 % at 35 "c on adding 1.0 wt % nano ZnO. 

From 1.0 wt% to 3.0 wt% there is an improvement of about 180 % in storage 

modulii. This showed the stiffness of the nanocomposite sample. On adding 1.0 

wt % commercial ZnO, modulii dcreased to about 21 %. 
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Figure 4b.1B Effect of ZnO concentration on the storage modulus of PA 6- ZnO 
nanocomposite samples 

Figure 4b. 19 shows tan 0 versus temperature plots for P A 6-ZnO 

nanocomposites. It is evident from the peak broadening that some 

compatability is achieved on adding both commercial and nano ZnO. From 

the tan (5 peak it is clear that with ZnO addition there is no significant change 

in glass transition temperature. Loss modulus curves for the P A 6-ZnO 

composite are given in figure 4b.20. Tg, loss modulus and tan 0 values of PA 

6- ZnO nanocomposite are given in table 4b.6. 
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With the addition of nano ZnO loss modulus values increases. T g values 

slightly increases on adding nano ZnO. On adding commercial ZnO, Tg value 

and loss modulus decreases. 

Table 4b.6 Tg, loss modulus and tan 8 values of PA 6·ZnO nanocomposite samples 

Loss modulus 
-,.. 

Tt:eC) I 

Sample 
(MPa) 

(from tanK at30°C 
tan g peak) 

-PA 6 alone 16.9 83.25 0.0589 
----------- - -- - ----I----~ 

PA 6/0.03 wt% commercial ZnO 15.3 82.45 0.0601 
--- - - r-- - ---1----_ 

PA 6/1.0 wt% commercial ZnO 14.4 82.95 0.0608 
-- -- f---__ . 

PA 6/0.03 wt% nano ZnO 17.8 84.90 0.0632 
.--- .---- --- ---

PA 6/\.0 wt% nano ZnO 19.3 84.97 0.0656 
- ---~-

PA 6/3.0 wt% nano ZnO 56.2 84.67 0.0658 

We note the modulus, E· = (loss modulus 2 + storage modulus 2) 'f, for the 

neat PA 6 is numerically consistent with the tensile modulus reported by the 

Dow Chemical Co. PA 6 chains are severely entangled and the function of 

nanopartic1es as physical anchorage points is relatively insignificant. The 

mobility of molecular chain segments is largely detennined by entangling 

conditions. Therefore, T g of PA 6 does not have a clear variation by introduction 

of the nano ZnO particles. The T g of PA 6-nano ZnO composites slightly 

increases with ZnO content, because ZnO nanorods having larger aspect ratio 

can restrict the segmental motion of PA 6 molecules and reduce the free volume 

of polymer chain foldin_g. But in the case of commercial ZnO nanocomposites 

due to the coarse nature ofZnO, Tg value decreases. 

Correlation of impact and dynamical properties in terms of tan Speak 

values of the nanocomposites has been done. The variation of the impact 

strength as a function of the total loss tangent peak values for PA 6-nano Zno 

composite and P A 6-commercial ZnO nanocomposites is shown in figure 4b.21 

& 4b.22 respectively. The curves show a non-linear shape and features similar to 



those of curve depicting the variation of impact strength with concentration of 

ZnO. The increase in impact strength with the total loss tangent peak values 

indicated the role of viscoelastic energy dissipation mechanism in the impact 

enhancement of nano ZnO composites. 
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4b.3.S Melt rheology 

The rheological behaviour ofPA 6- ZnO nanocomposites is studied at three 

different temperatures 220, 230 & 240 °C. Effect of shear stress, filler loading 

and temperature on rheological behaviour is investigated. 

4b.3.S.1 Effect of shear stress on shear viscosity 

Figure 4b.23 present the shear viscosity vs. shear stress curves of P A 6- Zno 

nanocomposites at 230 °C with an increasing ZnO concentration from 0.0-3.0 wtOlo. 

We also examined the flow behaviour of PA 6 nanocomposites filled with 1.0 % 

commercial ZnO. As shear stress increases, the viscosity of PA 6- ZnO composites 

decreases in all cases, indicates the pseudoplastic flow behaviour. At zero shear, the 

molecules are randomly oriented and highly entangled and therefore exhibit high 

viscosity. Under the application of shearing force, the polymer chains orient, 

resulting in the reduction of shear viscosity and thus exhibit shear-thinning 

(pseudoplastic behaviour). 15.76 It is just this pseudoplasticity that makes the 

nanocomposites to be easily melt-processed. Effect of temperature on she-M viscosity 

of PA 6 nanocomposites filled with 1.0 % nano ZnO is given in figure 4b.24. With a 

rise of temperature from 230 to 240 °C the value of shear viscosity decreases, 

especially at relatively lower apparent shear stress. The melt viscosity increases 

when the temperature decreases to 220 0c. 
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4h.3.S.2 Effect of filler loading 

Since entanglements of polymer chains and arrangement of ZnO are not 

permanent and altered by flow and relaxation processes, any disturbance of this 

steady state, such as shear, will disrupt the structure of the polymer matrix. 

Figure 4b.25 shows the variation of shear viscosity with increasing concentration 

of nano ZnO from 0.0-3.0 wt% at six different shear rates. It is clear from the 

figure that shear viscosity increases with nano ZnO addition and this increase is 

more prominent at low shear rates and low ZnO concentration. Also it can be 

seen from the figure that shear viscosity decreases substantially with increasing 

shear rate, but increases monotonically with increasing nano ZnO loading at a 

given shear rate. 7I •n 
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Figure 4b.26 examines the variation of shear viscosity of PA 6 

nanocomposites with concentration of commercial ZnO at six different shear 

rates. It is clear from the figure that viscosity decreases with ZnO loading. 
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4b.3.5.3 Effect of temperature 

An understanding of the mechanism of polymer flow processes in 

relation to the nature and composition of the material can be elucidated by a 

study of the temperature dependence of shear viscosity. Namely, the 

temperature sensitivity of the shear viscosity has a profound effect OD the 

choice of processing conditions as well as on the quality of the end products. 

Shear viscosities of pure PA 6 and nanocomposite melts decrease with 

increasing extrusion temperature in the range of 220-240 QC, demonstrating 

that increasing temperature improves the flow behavior of the polymer melts. 

However, the effect of temperature on shear viscosity changes with the shear 

rate. The data indicate that the temperature sensitivity of shear viscosity is 

higher in lower shear rate region. and drops at higher shear rates. This 

phenomenon is in agreement to the fact that elevating shear rate always 

accompanied by a rapid decrease of the entanglement density of 

macromolecules and the melt viscosity.77 The Arrhenius plots of PA 6- nano 

ZnO composites at two different shear rates is given in figure 4b.27 (a) & 

(b). A good linear correlation was found in the plot of In 11. vs. liT, which 

has proved the appropriateness of the Arrhenius-Eyring equation. Values of 

Ea obtained from the slopes of these plots are given in table 4b.7. The 

activation energy of a material provides valuable infonnation on the 

sensitivity of the material towards the change in temperature. The higher the 

activation energy, the more temperature sensitive the material will be. 

Therefore, such infonnation is highly useful in selecting the processing 

temperature of polymeric materials. 

From table 4b.7 it can be observed that the activation energy of flow of 

the nanocomposites remains constant up to 1.0 % addition of ZnO and 

increases with ZnO loading. 
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Table 4b.7 Activation energies of PA 6· nano ZnO composites at two shear rates 

ConcentrationofZnO Activation 
. ~nergy" (K.Jlmol) >c(wt%) 

0.1333/s "2.6664ls 
0.0 11.11 47.99 

-- ----- ---- - -.--- ----- '-- - - -
0.03 11.12 52.65 

- --- ---- -- - - -"- --- -- --- -- ._----
0.5 11.52 36.99 

-- --- --- --- - - ------ ------- - - --

1.0 11.72 23.55 
- -- --- - -"- - --- -- --- ----- -- --.- - -

3.0 13.22 2'6.21 



4b.J.5.4 Flow behaviour index (n')

The effects of temperature and concentration of Zno on the flow behaviour

indices of the samples have been studied in detail. The extent of pseudoplasticity or

non-Newtonian behaviour of the materials can be understood from n' values.

Pseudoplastic materials are characterized by n' below I. Flow behaviour index

values of PA 6- nano Zno composites at 230 QC and 240 QC are given in figure

4b.28. It is clear from the figure that n' decreases with increasing concentration of

Zno and also with increasing temperature. This suggests that the system becomes

more pseudoplastic as the Zno content and temperature increases. A similar trend of

decreasing values of n' with an increase in temperature has been reported.75
•
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4b.3.5.5 Die swell

Die swell, ca lled Barus effect is an important parameter for characterizing

polymer melt elastic ity in an extrusion flow and is related to the quality of the

end products.

4b.3.S.S.1 Effect of shea r rate and concentration o(ZnO

Figure 4b .29 shows the plots of the die swe ll ratio, de/dc for PA 6 and PA

6- ZnO nanocomposites at 230 °C at six different shear rates. The die swell ratio

increases obviously with increas ing shear rate at a constant ZnO content. It is
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noticeable that at a constant shear rate, the die swell ratio decreases slightly with 

a rise of ZnO content. Figure 4b.30 shows the variation of die swell ratio of PA 6 

nanocomposites filled with 1.0 % commercial ZnO at different shear rates. Die 

swell ratio remains constant with ZnO loading. 
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4b.3.S.S.2 Effect of temperature 

Variation of die swell ratio of PA 6-nano ZnO composites at 3 different 

temperatures is given in figure 4b.3l. It is clear from the figure that die swell 

ratio decreases with temperature. At low concentration of ZnO, die swell ratio 

remains same with increasing temperature. 
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Figure 4b.31 Variation of die swell ratio of PA 6· nanD ZnO composites with temperature 

4b.3.5.6 Extrudate deformation studies 

The appearance of the extrudate of neat PA 6 and nanocomposites with 1.0 % 

ZnO at six different shear rates is shown in figure 4b.32 (a) and (b) respectively. 

From the figure it is clear that the extrudate distortion tendency increases with 

the shear rate. At a low shear rate, the extrudate has a smooth surface; however, 

at a higher shear rate, the surface becomes rougher. The ZnO content of the 

nanocomposite also plays a major role in determining the surface characteristics. 

As the ZnO content increases, the surface roughness also increases. Several 

factors contribute towards surface irregularity. It has been conclusively shown 

by photographic techniques 87.88 that a fracturing or breaking of the elastically 

deformed flowing polymer stream occurs at the entrance to the capillary itself at 

some critical shear stress. Another factor contributing towards extrudate 



distortion is the successive sticking and slipping of the polymer layer at the wall 

in the capillary.89.90 Moreover, there may be an effect at the exit as well. Shear 

thinning behaviour of the nanocomposites is clearly visible in these photographs. 

Figure 4b.32 Extrudate photographs of lal neat PA 6 and Ibl PA 6· nano ZnO composites filled 
with 1.0 % ZnO at six different shear rates lal 0.01333/5 Ibl 0.1333/s Icl 0.66667/5 

Idll.3332/s le) 2.666415 If) 6.6667/s 



8 
MODIFICATION OF POLYCARBONATE USING NANO ZINC OXIDE 

4c.l Introduction 

Polycarbonate (PC) is bisphenol-A based polyester, which is an amorphous 

polymer, is one of the most important engineering thermoplastics used for a wide 

variety of applications, distinguished by its versatile combination of toughness, 

stiffhess, transparency, heat resistance, ductility, and impact resistance.1l2 These 

properties gave it uses in many applications like compact discs, riot shields, baby 

feeding bottles, electrical components, safety helmets and headlamp lenses. 

However, the limitations of PC, such as high notch sensitivity, high melt viscosity, 

and poor chemical resistance; need to be improved to extend its engineering 

applications. m PC was modified in many different ways, particularly by blending 

with polyolefm resin such as polyethylene (PE), polypropylene (PP) for use in 

demanding applications when its outstanding notched impact strength is 

important. II 4-116 Unfortunately, the enhancement of the toughness is obtained at the 

expense of strength and thermal resistance. In principle, addition of well-dispersed 

nanofillers of layered silicate clay to PC could improve stiffness, modulus, and heat 

resistance, which makes a compelling case for exploring PC nanocomposites, 

particularly if toughness is needed to be preserved. 117.118 TIlere is very little 

information available in the literature relating to polycarbonate nanocomposites. In 

principle, addition of well-dispersed nanofillers to polycarbonate could preserve the 

optical clarity of this amorphous polymer. The promise of trnnsparency plus 

improved stiffuess and scratch resistance make a compelling case for exploring 

polycarbonate nanocomposites, particularly if toughness could also be preserved. 

Recently, Huang et al. reported polycarbonate-Iayered silicate nanocomposites 

prepared by two different methods. 1 19 

In this chapter we report the preparation of PC nanocomposites with 

varying Zno concentration and analyzing them for their crystallization, 

mechanical, dynamic mechanical and rheological properties. 



4c.2 Experimental 

A simple melt-compounding route was adopted for the preparation of PC­

ZnO nanocomposites. The melt compounding was performed on a Thenno 

Haake Rheocord 600 mixing chamber with a volume capacity of 69 cm3 fitted 

with a roller type rotors operating at 40 rpm for 10 min at 240 QC. 

Nanocomposites at different concentrations (0.0-3.0 wt%) of ZnO were 

prepared. In all cases the torque stabilized to a constant value in this mixing 

time. The crystallization behaviour, thermal stability, morphology, melt 

rheology, mechanical and dynamic mechanical property of the nanocomposites 

using commercial and nano ZnO were analyzed according to the details 

summarized in sections 2.3 of this thesis. 

4c.3 Results and discussion 

4c.3.1 Differential scanning calorimetry 

Bisphenol-A polycarbonate (PC), possess extremely slow thermal 

crystallization kinetics. PC undergoes thermal-induced crystallization very 

slowly because of its chain rigidity, which retards chain diffusion. At 190°C, 

one full day is necessary for the first crystallites to develop and a week or more 

to obtain a well-developed spherulite. 121l The half time of crystallization of PC 

with a molecular weight higher than 17,000 is more than a week. 121 Both 

solvents l22.123 and vapours 124,125 have been used to induce crystallization in PC. 

However, due to the higher residue of solvents in the crystallized materials as 

well as the associated environmental considerations, this method is only used in 

the basic research. The evident increase in crystallinity of PC-clay 

nanocomposites indicates that the addition' of nano-scale clays can enhance the 

crystallization of PC in the presence of supercritical carbon dioxide (SCC02).126 

In the absence of CO2, clay itself does not change the crystallization behaviour 

of PC under experimental conditions. In the presence of CO2, the nano-scale clay 

is still an efficient nucleating agent and enhances the crystallization of Pc. The 

incorporation of POSS molecules into PC matrix could not induce 

crystallinity.l27 



We analysed the crystallization behaviour of PC-ZnO nanocomposites 

using nano ZnO and commercial ZnO. It is of interest to point out that no 

crystalline melting endothermic peaks were observed in the DSC curves of 

pC- ZnO composites, and only a glass transition was identified for these 

composites with 0.03-3 wt% ZnO composition; the composite Tg values were 

very close to that of the PC control on adding nano ZnO (figure 4c.l) and the 

value increases with the increase of the commercial ZnO concentration 

(figure 4c.2). The Tg value of PC is 157°C. On adding 1.0 wt % commercial 

ZnO T g value decreases to 150°C. It is clear that the system is more 

compatable with nano ZnO. 
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Figure 4c.1 DSC curves of PC- nanoZnO composites 
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figure 4c.2 DSC curves of PC· commercial ZnO composites 

4c.3.2 Thermogravimetry 

The TG and DTG curves of neat PC and its composites using nano ZnO are 

given in figures 4c.3 & 4c.4 respectively. The temperature of onset of degradation Ti 

(C), the temperature at which the rate of decomposition is 10 % [TIO% CC»), the 

temperature at which the rate of decomposition is maximum (TIlk,,) eC), the 

temperature at which the rate of decomposition is 50% [T50,,", (tlc)] , the peak 

degradation rate and the residue at 800 DC are given in table 4c.l. PC degrades in a 

single step. The degradation starts at a temperature of 264°C and the peak rate of 

degradation is 3.032 %/min at corresponding Tmax 430.22 {le and in nanocomposites, 

Ti is 283 "c on adding 3.0 wt% of nano lnO, indicating improved thermal stability 

of the nanocomposites. The Tmax temperature also showed improvement in thermal 

stability. Residue at 800 ne is 15.31 % for Pc. On adding 3.0 wt% of ZnO, residue 

increased to 19.36 %. Peak rate of decomposition decreased from 3.032 to 1.128 

%/min. This increase in the thermal stability of the nanocomposites may result from 

the strong interaction between the nano ZnO and PC molecules. On adding 

commercial Z110, thermal stability of PC remains unatlected (figure 4c.5). 
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Table 4c.l [)egradation characteristics of PC and its nanocomposites 
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Figure 4c.5 Thermogravimetric traces of PC· commercial ZnO composite 

4c.3.3 Mechanical properties 

4c.3.3.1 Torque studies 

The variation of mixing torque with time of mixing at different ZnO 

loading is shown in figure 4c.6. A mixing time of 10 minutes was fixed since the 

torque stabilized to a constant value during this time. The temperature of the 

mixing chamber was fixed as 240°C. The stabilization of the torque may be 

related to the attainment of a stable structure after a good level of mixing. The 

initial torque value of PC is high because of its high melt viscosity. Initially 

torque increases with the charging of PC, but decreases with melting. After 

homogenization of PC, ZnO was added at 2.5 min. There is a little increase in 

torque on continued mixing with ZnO. After mixing, the torque value is found to 

be steady. It is clear from figure that there is no deh'Tadation taking place during 

the mixing stage. Similar trend in torque is observed when commercial ZnO is 

mixed with Pc. 
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4c.3.3.2 Tensile properties 

The effects of the nano ZnO on the mechanical properties are summarized 

in table 4c.2. 

Table 4c.2 Tensile properties of PC·nano ZnD composites 

---Concentration Tensile Tensile Elongation ShoreD Energy Tensile 
: of ZnO (wt%) strength modulus (%) hardness to max toughness 

(MPa) (GPa) (J) (J/m) 

0.0 72.2 2.308 7.185 75 1.112 529.5 
---- -_ .. --- - -.... - ._- - ._- _. r-- -- --- - --- - - - -_ .. _. - --

0.03 72.8 2.365 6.817 76 1.11 528.8 
~--'-'" - --- --- -- -- --- --'-.- -. ------- ---- _. -- - ,"-- r--- ----

0.1 73.5 2.391 6.712 76 0.987 429.7 
- --- - .... - - -.-- - .. - - -- - - .... _. - -_. - - -_. "- - .- .-

0.5 73.9 2.398 6.658 77 0.965 403.8 
- ...---_. -- - - -'-" -- - -- - .. -- .- - _ .. -- I- -._. - -

1.0 80.2 2.451 6.598 80 0.943 419.9 
--- ---- .,.- - - - - - .- - ... - - .- -- - - - 1-- --

2.0 81.5 ] 2.469 6.272 83 0.936 390.6 
- - --- ... __ . r- ---- - .. _. - -. r-- - - --- -- - -- -- -_ ... .,. - --.-

3.0 83.26 2.523 6.20 89 0.850 368.9 

The necking phenomenon was observed in pure PC and its composites at 

about 1.0 wt% ZnO. The results in table 4c.2 shows an increase in the tensile 

modulus and strength of PC with an increasing concentration of ZnO content 

-

-



from 0.0 to 3.0 wt%. From 0.0 to 1.0 wt% the change in tensile strength is about 

11 % and modulus is about 6 %. From 1.0 to 3.0 wt% the increase in tensile 

strength is only about 4 % and modulus is about 3 %. The tensile strength 

showed an increment of about 15 % and modulus of about 9 % on adding 3.0 wt 

% of nano ZnO. So, for effective reinforcement only less than 1 % ZnO is 

necessary. The Shore 0 hardness also supports the reinforcement. The 

elongation to break is found to decrease with the increasing loading of ZnO , 
indicating that the ductility of neat PC is somewhat reduced. Energy to 

maximum and tensile toughness (energy/ thickness of the sample) values (figure 

4c.7) decreases with fiUer loading. These results demonstrate that even a small 

fraction of ZnO provide effective reinforcement to the PC matrix. This is due to 

better interaction between the PC matrix and ZnO nanopartic1es. As aspect ratio 

of ZnO is high, it has a large surface area available for adhesion between the 

polymer molecules and ZnO particles. This facilitates better load transfer to the 

reinforcing phase and contributes to the improved strength and modulus. 
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Figure 4c.7 Variation of tensile toughness with concentration of ZnO 

Comparison of tensile srength and modulus of PC nanocomposites using 

commercial and nano ZnO (figure 4c.8 & 4c.9 respectively) shows that only 



nano ZnO gives better reinforcement to PC matrix. On adding commercial ZnO. 

modulus as well as strength almost remains constant. Elongation, energy to 

maximum and tensile toughness of PC-commercial ZnO nanocomposites also 

decreases similar to PC- nano ZnO composites. 
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Stress-strain curves for PC and its nanocomposite is shown in figure 4c. I O. 

From the stress-strain curve it is clear that with nano ZnO loading the elongation 

(%) decreases, indicating that the composite becomes somewhat brittle 



compared with neat Pc. The decrease in the toughness of PC matrix can be seen 

from the area under the stress-strain curve. 
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Figure 4c.l 0 Stress-strain curves for PC- ZnO nanocomposites 

4c.3.3.3 Morphology of the fractured surfaces 

The scanning electron micrographs of the fractured surfaces of the tensile 

test specimens have been studied to acquire an insight into the mechanism of 

reinforcement. Figure 4c.ll (a) shows the fracture surface of neat PC, which 

showed the ductile behaviour. Figure 4c.ll (b) shows the fracture surface for 

PC- nano ZnO composites. From the image it is clear that nano ZnO exist as 

dispersed particles and the morphology gets substantially modified. SEM images 

are in good agreement with the observed mechanical properties, which is due to 

shear yielding. Figure shows that, in different project positions of the matrices of 

PC-ZnO, nanoscale ZnO particles are homogeneously dispersed in the PC 

matricx. Apart from some agglomerated particles, a relatively good dispersion is 

clearly visible. There is complete stress transfer from the PC matrix to nanorod 

having high aspect ratio. There is no sign of extensive particle agglomeration 

compared to PC-commercial ZnO nanocomposite fracture surface shown in 

figure 4c.ll(c) where we can see large agglomerate and the dispersion is 

inhomogeneous. 
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(c) 

Figure 4«:.11 SEM images of (a) neat PC, (b) PC· nano ZnO composite 
(c) PC· commercial ZnO composite 

4c.3.3.4 Flexural properties 

A comparison of flexural strength and modulus of PC-ZnO nanocomposites 

using nano and commercial ZnO is shown in figure 4c.12 (a) & 4c.12 (b) 

respectively. With nano Zno, the flexural modulus as well as the strength of PC 

increases considerably. For example, incorporation of nano ZnO at the level of 

3.0 wt%, modulus increases by only 5 % and strength increases by around 5 %. 

The reinforcement is due to smaller particle size, high surface area, unifonn 

dispersion and good interfacial interaction of nano ZnO with PC matrix. On 



adding 3.0 wt% commercial ZnO, the flexural modulus and strength decreased to 

about 12 % and 7 % respectively. 
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4c.3.3.5 Impact strength 

PC is a ductile polymer and possesses very high impact stren!,>1h. PC 

nanocomposites exbites lower impact strength than neat PC (table 4c.3). This is 

evident from the area under the stress-strain curve given in figure 4c.lO. The 

most likely explanation for the decreased impact properties is that ZnO material 

is less well dispersed in the PC matrix. The decrease in impact strength of PC­

poss nanocomposite is also reported by Zhao et a1. 127 Loading 1.0 wt% nano 

ZnO and commercial ZnO, the impact strength decreases to about 6% and to 

about 15 % respectively. So the decrease in toughness is less for PC- nano ZnO 

composites compared to PC-commercial ZnO composites. 

Table 4c.3 Impact strength of PC nanocomposites 

. 

Concentliltto.~f· 
ZDO(wtJt~) . 

0.0 

.. ;.,.' . 

. Inipaet StreD$*h(J/m), 
··(Q.n6ZD~!t~~iti!)·;' 

298.1 

1a11l.,~:~~re.gtJ:a,~~'~) 
'., (t;o~er~faIZnO·.·· 

,Cc)JlmOsit~) ..... 

298.1 
- - f--- -----------_+_ 

0.03 287.2 284.9 
-- --------- -f--------------I---------

0.1 283.9 289.7 
'---' ---_._----4-------_. 

0.5 284.7 255.7 
'-'--'---. 1------ ----- - f--- ---- --- --

1.0 280.7 254.2 
f-------------f-- ---... ------

2.0 267.5 243.4 
._-- --- --- --f---

3.0 254.0 242.9 

4c.3.4 Dynamic mechanical analysis (DMA) 

The DMA results for the dynamic storage modulus of the PC-ZnO 

nanocomposite samples as a function of temperature at I Hz are shown in figure 

4c.13. A slow decrease in modulii below glass transition temperature and an 

abrupt decrease in modulii is observed for the nanocomposites. The storage 

modulii of the nanocomposite increases substantially with the nano ZnO 

concentration showing the stiffening effect of nano ZnO. 
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Figure 4c.13 Variation of storage modulii of PC· nano ZnO composites (lower curves with 
increase in concentration from 0.0 to 3.0 wt% ZnO) 

The storage modulus of nanocomposites at 40 QC, 80 QC & 120 (lC is given 

in table 4cA. 

Table 4c.4 Storage modulus of PC·ZnO nanocomposites at 40 ·C, BO·e & 120·e 

..... Stora.ge St~:rage Storage 
Sample modulus at modul.us at modulus at 

40°C (MPa) 80°CG\fPa) no°c (MPa) 

PC alone 2500 2200 2100 
- ----- ------- - -------- -------- - I---- - ----- ---

PC/0.03 wt% nano ZnO 3500 3190 3050 
----- - -------- - ~ ---------

PCI 1. 0 wt% nano ZnO 4200 3980 3901 
- ---- --------- --- ~ - f---- --- - -

PC/3.0 wt% nano ZnO 4500 4258 4213 

Figure 4c.14 shows tan & versus temperature plots for PC-ZnO 

nanocomposites. It is obtained in many cases that the improvement of stiffness 

markedly reduces the ductility. But PC-ZnO nanocomposite is prepared with 

increased stiffness without sacrificing ductility. From the tan & peak, it is 

observed that with nano ZnO addition, there is an increase in glass transition 

temperature; it is increased by around 7 °C with 3 % nano ZnO. Tan delta peak 



value of the nanocomposite decreases with ZnO concentmtion showing that the 

composite is more compatibile. 
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Figure 4c.14 Variation of tan delta of PC· nano ZnO composites !lower curves with decreasing 
concentration of ZnO I 

Loss modulus curves for the PC- nano ZnO composite is given in figure 

4c.15. T g, and tan 0 values of PC-ZnO nanocomposite are given in table 4c.5. 

The DMA glass transition temperatures are consistent with the DSC results. On 

adding nano ZnO, loss modulus values increases. 
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Figure 4c.15 Variation of loss modulus of PC· ZnO nanocomposites (lower curves with 
increasing concentration of ZnO from 0.0·3.0 wt%) 



Table 4c.5 T g and tan (5 values of PC-nano ZnO composite samples 

Sample T R °C (from tan 
a peak) 

Peak values ~ 
tan8atT1 -

PC alone 165 -2.4 
- - --- -- - -r-- --- --__ _ 

PC/O_03 wt% nano ZnO 166 L2 
-~ --- --- ---~~---- --- --- ----- f---- ~----__ _ 

PC/O.S wt% nallO ZnO 169 I. I 
- --- -------- --- ---- ---- --- -~---------

PCI 1.0 wt% nano ZnO 170 1.1 
- ------ -- ---- -~------ -

PC/3.0 wt% nano ZnO 172 0.7 

We note the modulus, E· = (loss modulus 2 + storage modulus 2) y, for the neat 

PC is numerically consistent with the tensile modulus reported by the Dow Chemical 

Co. The T g of PC -nano Zno composite increases with ZnO content. 

Figure 4c.16 shows the variation of storage modulus of PC- commercial 

ZnO composites and it is clear that modulii decreased by about 56 % on addiog 

3.0 % commercial ZnO. There is no significant change in loss modulus values 

of PC- commercial ZnO composites (figure 4c.17). The height of the tall delta 

peak (figure 4c.18) maintains the same level on adding commercial ZoO, but the 

peak value (1.3) is less than the value of neat PC (2.4). The glass transition 

temperature decreased to 152 nC in PC- commercial ZnO composites. 
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Figure 4c.16 Variation of storage modulus of PC·commercial ZnO composites 
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Figure 4c.17 Variation of loss modulus of PC· commercial ZnO composites (lower curves with 
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Figure 4c.18 Variation of Tan delta of PC- commercial Z~O composites 

Correlation of impact and dynamical properties in terms of tan 8 peak 

values of the nanocomposites has been done. The variation of the impact 

strength as a function of the total loss tangent peak values for PC- nano ZnO 

composites and PC- commercial ZnO composites is shown in figure 4c.19 & 

4c.20 respectively. 
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Figure 4c.19 Variation of tan delta with impact strength of PC· nano ZnO composites 
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Figure 4c.20 Variation of tan delta with impact strength of PC· commercial ZnO composites 

4c.3.S Melt rheology 

The rheological behaviour of PC-ZnO nanocomposites is studied at three 

different temperatures 230, 240 & 250 °C. Effect of shear stress, filler loading 

and temperature on rheological behaviour is investigated. 

4c.3.S.1 Effect of sbear stress OD sbear viscosity 

Figure 4c.21 present the shear viscosity vs. shear stress curves of PC- Zno 

nanocomposites at 240 °c with an increasing ZnO concentration from 0.0-3.0 wt%. 



We also examined the flow behaviour of PC nanocomposites filled with 1.0 % 

commercial 2nO. As shear stress increases, the viscosity of PC-2nO composites 

decreases in all cases, indicating the pseudoplastic flow behaviour. Effect of 

temperature on shear viscosity of PC nanocomposites filled with 0.5 % nano 

ZnO is given in figure 4c.22. With a rise of temperature from 240 to 250 (le the 

value of shear viscosity decreases, especially at relatively lower apparent shear 

stress. TIle melt viscosity increases when the temperature decreases to 230°C. 
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Figure 4c.21 Effect of shear stress on shear viscosity of PC· ZnO nanocomposites 
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Figure 4c.22 Effect of temperature on shear stress vs. shear viscosity plots of PC·nano ZnO 
composites filled with 0.5 % ZnO 



4c.3.S.2 Effect of filler loading 

Figure 4c.23 shows the variation of shear viscosity with increasing 

concentration of nano ZnO from 0.0-3.0 wt% at six different shear rates. It is 

clear from the figure that shear viscosity increases with nano ZnO addition and 

this increase is more prominent at low shear rates and low ZnO concentration. 

Also it can be seen from the figure that shear viscosity decreases substantially 

with increasing shear rate, but increases monotonically with increasing nano 

Z 0 I d· . h 717' n oa Ing at a gIven s ear rate. .-

Figure 4c.24 examines the variation of shear viscosity of PC 

nanocomposites with concentration of commercial ZnO at four different shear 

rates. It is clear from the figure that viscosity remains constant with ZnO 

loading. Shear viscosity decreases substantially with increasing shear rate and 

this decrease in viscosity is more at higher shear rates. 
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Figure 4c.23 Variation of shear viscosity with concentration of ZnO and 
shear rates at 240°C 
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Figure 4c.24 Variation of shear viscosity with concentration of commercial ZnO at four 
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4c.3.5.3 Effect of temperature 

Shear viscosities of pure PC and nanocomposite melts decrease with 

increasing extrusion temperature in the range of 230-250 DC, demonstrating that 

increasing temperature improves the flow behavior of the polymer melts. 

However, the effect of temperature on shear viscosity changes with the shear 

rate. The data indicate that the temperature sensitivity of shear viscosity is higher 

in lower shear rate region, and drops at higher shear rates. This phenomenon is 

in agreement to the fact that elevating shear rate always accompanied by a rapid 

decrease of the entanglement density of macromolecules and the melt 

viscosity.77 The Arrhenius plots of PC- nano Zno composites at two different 

shear rates is given in figure 4c.25 (a) & (b). A good linear correlation was found 

in the plot of In T)a vs. lIT, which has proved the appropriateness of the 

Arrhenius-Eyring equation. Values of Ea obtained from the slopes of these plots 

are given in table 4c.6. TIle activation energy of a material provides valuable 

information on the sensitivity of the material towards the change in temperature. 

The higher the activation energy, the more temperature sensitive the material 



will be. Therefore, such infomlation is highly useful in selecting the processing 

temperature of polymeric materials. From the table 4c.6, it can be observed that 

the activation energy of flow of the nanocomposites increases upto 0.5 % 

addition of ZnO and thereafter decreases at lower shear rates and at higher shear 

rates, it remains constant. 
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Figure 4c.25 la) & (b) Variation of log viscosity with lIT for the PC- nano ZnO composites 
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Table 4t .6 Activation energies of PC·nano ZnOcomposites at two shear rates

Concentration ofZnO Activatio n
(WI%) enerev I KJ/moll

0.1333 /5 2.6664/,

0 .0 100 1.4 66.57

0,0) 1004.4 66 .57

0.5 1039 .9 66 .57

1.0 93 7.80 66 .86

3.0 936.39 73.34

4c.J .5.4 Flow behaviour index (0')

The effects of temperature and concentration of ZOO on the flow behaviour

indices of the samples have been studied in detail. The extent of pseudoplasticity or

non-Newtonian behaviour of the materials can be understood from n' values,

Pseudoplastic materials are characterized by n' below I. Flow behaviour index values

of PC-nano ZOO composites at 240 OC and 250 °C are given in figure 4c:.26. It is clear

from the figure that n' decreases with increasing concentration of ZOO and also with

increasing temperature. This suggests that the system becomes more pseudoplastic as

the ZOO content and temperature increases. A similar trend of decreasing values of n'

ith anincrease i h bee ed 75 79!KlW l an increase ID temperature as n report .":
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Figure4c.26 Variation of melt flow index withconcentration of ZnOat two temperatures
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4c.3.5.5 Die swell 

Die swell, called Barus effect is an important parameter for characterizing 

polymer melt elasticity in an extrusion flow and is related to the quality of the 

end products. 

4c.3.5.5.1 Effect ofshear rate and concentration of ZnO 

Figure 4c.27 shows the plots of the die swell ratio, de/dc for PC and PC. 

ZnO nanocomposites at 240 DC at six different shear rates. The die swell ratio 

increases obviously with increasing shear rate at a constant ZnO content. It is 

noticeable that at a constant shear rate, the die swell ratio decreases slightly with 

a rise of ZnO content. At lower shear rates the decrease in die swell ratio is more 

compared to the decrease at higher shear rates. Figure 4c.28 shows the variation 

of die swell ratio of PC nanocomposites filled with 1.0 % commercial ZnO at 

different shear rates. Die swell ratio slightly increases with ZnO loading. 
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Figure 4c.27 Variation of die swell ratio of PC· nano ZnO composites with concentation of ZnO 
at different shear rates 
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4c.3.5.5.2 Effect of temperature 

Variation of die swell ratio of PC-nano ZnO composites at 3 different 

temperatures is given in figure 4c.29. It is clear from the figure that die swell 

ratio decreases with temperature. 
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Figure 4c.29 Variation of die swell ratio of PC· nano ZnO composites with temperature 



4c.3.5.6 Extrudatc deformation studies 

The appearance of the extrudate of neat PC and nanocomposites with 1.0 % 

ZnO at six different shear rates is shown in figure 4c.30 (a) and (b) respectively. 

From the figure it is clear that the extrudate distortion tendency increases with 

the shear rate. At a low shear rate, the extrudate has a smooth surface; however, 

at a higher shear rate, the surface becomes rougher. The ZnO content of the 

nanocomposite also plays a major role in determining the surface characteristics. 

As the ZnO content increases, the surface roughness also increases. Several 

factors contribute towards surface irregularity. It has been conclusively shown 

by photographic techniques87.88 that a fracturing or breaking of the elastically 

deformed flowing polymer stream occurs at the entrance to the capillary itself at 

some critical shear stress. Another factor contributing towards extrudate 

distortion is the successive sticking and slipping of the polymer layer at the wall 

in the capillary.89.90 Moreover, there may be an effect at the exit as well. Shear 

thinning behaviour of the nanocomposites is clearly visible in these photographs. 

Figure 4c.30 Extrudate photographs of (a) neat PC and (b) PC-nano ZnO composites filled with 
1.0 % ZnO at six different shear rates (a) 0.01333/s (b) 0.1333/s (c) 0.66667/s (d) 1.3332/5 

(e) 2.6664/s (f) 6.6667/s 



4c.4 Conclusions 

This study showed that nano ZnO is a good modifier for engineering 

thermoplastics like PET, PA 6 and PC. Nanocomposites have been prepared 

through a simple melt compounding route. Melt compounded nano ZnOs 

have been shown to act as effective nucleating agents for PET and PA 6 

crystallization. The nano ZnO at a concentration as low as 300 ppm enhanced 

the crystallization temperature during melt cooling by 32°C in PET matrix 

and lO QC in PA 6 matrix, and reduced melt's isothermal crystallization time 

by more than 50 % in PET matrix and 20 % in PA 6 matrix. No crystalline 

melting endothermic peaks were observed in the DSC curves of PC-ZnO 

composites. A comparison of the nucleation ability of nano ZnO with 

commercial ZnO also revealed that nano ZnOs are potentially very attractive 

candidate as nucleating agents. Thermogravimetric analysis showed 

improved thermal stability for nano ZnO composites than their counterparts. 

The improved mechanical properties (tensile, tlexural and impact) of the 

nano ZnO composites revealed that a small concentration of nano ZnO could 

substantially reinforce all the three matrices. In PC matrix impact strength 

and modulus decreased. Scanning electron microscope studies revealed that 

the reinforcement mechanism of nano ZnO is shear yielding in PET and PC 

matrix, and cavitation in PA 6 matrix. The dynamic mechanical analysis 

indicated an improvement in storage and loss modulus of nano ZnO 

composites than commercial ZnO composites. The rheological characteristics 

revealed that shear viscosity of the nano ZnO composites increased with 

concentration of nano ZnO and decreased with increasing shear stress. Melt 

flow index value and die swell ratio decreased with nano ZnO concentration 

indicating pseudoplastic behaviour of the flow. Activation energies of the 

nanocomposites increased with modification at lower shear rates. Apparently, 

nano ZnO is a good modifier compared to commercial ZnO for engineering 

thermoplastics. 
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Abstract 

This chapter is divided into three parts. Mo(/(jication of three 

commodity thermoplastics like {polyprupylene (PP), high density 

po/yethylene (HDPE). polystyrene (PS)] lvith nano ZnO is 

discussed. Commodity thermoplastics based nanocomposites have 

been prepared with nano 2nO through a simple melt-compounding 

route. Melt compounded nano 2nOs have heen shml/I! to act as 

effective nucleating agents j()r pp and HDPE crystallization. 

Reinforcement of commodity thermoplastics by 2nO nanopartides 

was tremendous compared to commercial 2nG. The (~l'I1amic 

mechanical analysis indicated (1n improvement in storage und loss 

modulus ofnano 2nO composites than commercial ZnO composites. 

The rheological characteristics revealed that shear viscosity (~f the 

nano 2nO composites increased with concentration of nUllO 2nO 

and decreased with increasing shear stress. Melt flow index .value 

and die sVFell ratio decreased with nallo 2nO cOllcentration, 

indicating pseudoplastic hehaviour (~l the floH'. Nano Z110 is found 

to be a good mod{/ier compared to commercial ZnO, for cOlI/l1Iodity 

thermoplastics. 



'Part al 
MODIFICATION OF POLYPROPYLENE USING NANO ZINC OXIDE 

5a.1 Introduction 

Polypropylene (PP) is a semi-crystalline commodity thermoplastic and is 

known for its balance of strenh>1h, modulus and chemical resistance. It have 

many potential applications in automobiles, appliances and other commercial 

products in which creep resistance, stiffness and some toughness are demanded 

in addition to weight and cost savings. The main attraction of PP is its high 

performance-to-cost ratio. However, its inadequate stiffness and brittleness 

limits its versatile application to some extent. pp can be easily modified to 

achieve greatly enhanced properties. The incorporation of inorganic particulate 

fillers has been proved to be an effective way of improving the mechanical 

properties, and in patticular the toughness, of polypropylcne. For example, 

Stamhuis1 has shown that talc filler can significantly increase the impact 

resistance of polypropylene if it is physically blended with either an SBS or an 

EPDM elastomer. Hadal and Misra2 have reported that modulus of 

polypropylene has been improved by talc and wollastonite. Radhakrishnan and 

Saujanya3 have reported that the needle-shaped CaS04 filler can improve the 

properties of polypropylene with its high aspect ratio. However, the typical filler 

content needed for significant enhancement of these properties can be as high as 

I O~20 % by volume. At such high particle volume fractions, the processing of 

the material often becomes difficult, and since the inorganic filler has a higher 

density than the base polymer, the density of the filled polymer is also increased. 

The advantages of polymers, i.e., their ease of processing and lightweight, get 

therefore lost, and which limits various applications of polypropylenc composite. 

To overcome this drawback, a composite with improved properties and lower 

particle concentration is highly desired. With regard to this, the newly developed 

nanocomposites would be competitive candidates. 



Nanopartic1e filled polymers are attracting considerable attention since 

they can produce property enhancement that are sometimes even higher than 

the conventional filled polymers at volume fractions in the range of 1-5 %. 

Rong et al. have reported tensile perfonnance improvement of low 

nanoparticle filled po\ypropy\ene composite.4 Wu et al. 5 have investigated 

tensile behaviour of nanophased polypropylene. With regard to reinforcement 

effects, considerable research can be found in recent literature tJ- 19 on improving 

mechanical properties of pp using various kinds of inorganic fillers. It is now 

well recognized that the use of inorganic fillers is a useful tool for improving 

stiffness, toughness, hardness, chemical resistance, dimensional stability and 

gas barrier properties of pp.6-9 The effects of inorganic fillers on the 

mechanical and physical properties of the pp composites strongly depend on 

the filler size, shape, aspect ratio, interfacial adhesion, surface characteristics 

and degree of dispersion. 10 16 Typically, the physical and mechanical properties 

of the polymers that contain nano-sized particles are superior to those 

containing micron-sized particles of the same filler type. 17- 19 A large number 

of inorganic materials, such as glass fibre, talc, calcium carbonate, and clay 

minerals has been successfully used as additives to improve the strength of 
20" -polymers. --) Improvement in various properties of pp composites were 

reported in literature. 26-31 

This study is aimed at producing pp nanocomposites with varying ZnO 

(0.0-3.0 wt%) concentration and analyzing them for their crystallization, 

thennal, mechanical, dynamic mechanical perfonnances and melt rheology. 

5a.2 Experimental 

A simple melt-compounding route was adopted for the preparation of PP­

ZnO nanocomposites. The melt compounding was performed using Thermo 

Haake Rheocord 600 mixing chamber with a volume capacity of 69 cm} fitted 

with a roller type rotors operating at 40 rpm for 8 min at 180 "c. 
Nanocomposites at different concentrations (0.0-3.0 wt%) of ZnO were 

prepared. In all cases the torque stabilized to a constant value in this mixing 



time. The crystallization behaviour, thermal stability, morphology, me~ 

rheology, mechanical and dynamic mechanical property of the nanocompositea' 

usmg commercial and nano ZnO were analyzed according to the details 

summarized in sections 2.3 of this thesis. 

5a.3 Results and discussion 

5a.3.1 Differential scanning calorirnetry 

5a.3.1. t Non-isothermal 

There are only 10-15 investigations in the research literature that focus on 

nanoscale-size nucleating agents for polymers, in general, and even fewer that 

employ nanoparticles of zinc oxide.32 This contribution describes how zinc oxide 

nanoparticles affect the morphology and crystallization temperature of 

polypropylene. In a crystalline polymer composite, crystallization may have a 

major influence on the structure of composites and thereby on the mechanical 

properties, such as tensile and impact strength. For example, Maiti et al.33 noted 

that the extent of intercalation increased with the crystallization temperature, and 

the size of spherulites decreased with increase in clay content in maleic 

anhydride grafted PP~lay nanocomposites. 

Nonisothermal crystallization behaviour of pp nanocomposites has been 

studied extensively for different systems PP-carbon nanotubes, PP-surface­

treated Si02, isotactic PP-CaC03, PP-montmorillonite clay.34-36 

In this section we compared the crystallization characteristics of pp 

matrix using nano and commercial ZnO. The effect of nano ZnO on the 

crystallization characteristics of melt compounded PP-ZnO nanocomposite 

samples was analyzed first with non-isothermal DSC experiments. The 

crystallization temperatures (TJ, the apparent melting temperatures (T m), the 

corresponding enthalpies (~Hc and ~Hm) and the degree of supercooling 

(LlT= Tm- Te) are also reported in table 5a.l. 



Table 5a.1 DSC·determined thermal characteristics of PP·nano ZnO composite samples 

;;Concentration. 
?:;:ofZnO (wt%) 

T,,(OC) . AB. (Jig)·· Tm(OC) .. AHm (Jig) ATeC) 

-
0.0 ]04.53 87.1 165.1 87.3 60.57 

0.03 110.64 86.0 167.3 86.7 56.66 

0.1 112.10 85.2 165.8 85.6 53.7 

0.5 113.36 85.9 167.5 86.4 54.14 

1.0 114.26 84.0 166.0 85.3 5l.7 

2.0 116.41 86.3 166.9 85.1 50.49 
---_ .. __ ._- - - --- ----- .. - r-------- .. -- --_._---- _. r-- --. - - _.- .. _.- --

3.0 117.23 87.3 167.9 86.9 50.67 

Figure 5a_1 shows the DSe cooling scans of PP-ZnO nanocomposite samples. 

During cooling from the melt, the ZnO contairung samples show crystallization 

exotherms earlier than neat PP, as also seen from the corresponding T,. values 

indicated in tabJe Sa. I. It is found that the nanocomposite sample containing ZnO at 

a concentration as Iow as 0.03 wt% enhances the rate of crystallization in PP as the 

cooling nanocomposites melt crystallizes at a temperature 6 °e higher as compared 

to neat PP. The To values continue to increase with increasing ZnO concentration, 

but at a slower rate, as with further 100 fold increase in ZnO concentration from 0.03 

to 3.0 wt%, the additional Tc increase is only about 7 ne. In other words, there is a 

saturation of the nucleant effect at Iow ZnO concentrations, resulting in diminishing 

dependence on the increasing ZnO induced nucleation, possibly because of large 

surface area and good dispersion of ZnO. The melting temperature slightly increases 

and one possible reason for the increase in the melting temperature is that the 

processed nanocomposite has a smaller particle size, thus has a larger specific 

surface and a larger interfacial area, resulting in a stronger interaction between the 

polymer matrix and the more finely dispersed particles. The stronger interaction 

constrains the movement of molecular chains, leading to a higher melting point. The 

enthalpies of PP and nanocompositcs stay unaffected. The ~T values for the PP­

nano ZnO were 56-50 ne smaller than that of neat PP (60 (le) [fi!:,'1lre 5a.2). From 



these results it is clear that nano ZnO content affects the crystallization rate and takes 

the role of a nucleating agent on pp crystallization due to its enormous surface area. 

The results indicated that the incorporation of Zno nanoparticles had little effects on 

the degree of crystallinity of PP. 

---+ Increasing ZnO concentration from 0.0-3.0 wt% 
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Figure 5a.1 DSC cooling scans of PP·ZnO nanocomposite samples 
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Figure 5a.2 Variation of degree of supercooling with concentration of nanD ZnO 

Tang ct al. 32 reported an increase in crystallization temperature marginally 

by 2 or 3 °e in the presence of 2 wt% MicroZn or NanoZn. Nanoparticles of 



Si02 increased the crystallization temperature of pp by 3- 4 °C and reduced 

spherulite size. Marco et a1.37 observed an increase in the nucleation density 

(Le., 71 % efficiency), an increase in the degree of crystallinity. Zhao et a1.38 

observed that the melting behaviour of pp and enthalpies were not affected by 

increasing ZnO nanoparticle content. However, the crystallization temperature 

tends to shift to higher values with increasing Zno nanoparticle content. This 

implies that the existence of ZnO nanoparticles facilitates the crystallization of 

pp and this effect becomes more evident with higher nanoparticle content. 

Change in Tc is only about 7 °C when commercial ZnO is loaded from 0.0-

3.0 wt%, but, in the case of nano ZnO the value is about 13°C. DSC cooling 

scans of PP- commercial ZnO nanocomposites is given in figure 5a.3. L\Hc, L\Hrru 

Tc and T m values remains a constant with commercial ZOO loading. The L\ T 

values for the PP-commercial ZnO composites remains a constant near the neat 

pp value (60°C). Figure 5a.4 compares the crystallization temperatures of PP 

nanocomposites. From this figure it is clear that nano Zno is a good nucleating 

agent for PP matrix than commercial ZnO. 

-- Increasing ZnO concentration from 0.0-3.0 ~1% 

130 140 150 

Figure 58.3 DSC cooling scans of pp. commercial ZnO nanocomposite samples 
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Figure 5a.4 Comparison of crystallization temperatures of pp matrix using nano and 
commercial ZnO 

The interfacial interaction plays a critical role in the free energy of cluster 

formation and the rate of nucleation; the weak interaction lowers the rate of 

nucleation. This may be the reason for decrease in nucleating ability of 

commercial ZnO compared to nano ZnO. 

5a.3.1.2 Isothermal crystallization characteristics 

Figure 5a.5 shows the typical isothermal crystallization curves of PP-nano ZnO 

composite samples at four temperatures (110 QC, 115 QC, 120°C and 125 °c ). The 

time corresponding to the maximum in the heat flow rate (exothenn) was taken 

as peak time of crystallization (tpeak). Such peaks are seen at each of the four 

isothermal crystallization temperatures for the neat polymer, with the earlier or 

faster crystallization (smaller 1peak) corresponding to lower temperature of 

isothermal crystallization. In the case of neat PP, no sharp peak is seen at the 

highest temperature of 125°C because crystallization is very slow and would 

require longer time than the 4 minutes employed in the DSC program. On the 

other hand for the nanocomposite sample with 3.0 wt% ZnO, the rate of 

crystallization is so fast that no exothenn peak is seen at these temperatures, 



because crystallization occurs already during the cooling scan (60 QC/min) 

employed to reach those temperature, resulting in absence of exothennic peak in 

the heat flow curves at those temperature. In the case of 0.03 wt% 

nanocomposite, no peak is seen at the lowest temperature of 110 QC. 

O.Owt% O.03wt% 

o 2 4 6 o 2 3 4 

Time (mln) line(,,*,) 

I 

3.0wt% 

TIme (min) 

Figure 58.5 Isothermal crystallization curves of PP·ZnO nanocomposite samples at four 
temperatures 1110 oC, 115 oC, 120 oC and 125 oC ) 

5 

The peak time of crystallization at each of the temperatures for all the PP­

nano ZnO composite samples are plotted against the isothennal crystallization 

temperature (figure 5a.6). We notice that the tpeak values for the nanocomposite 

samples reduced to less than 50 % as compared to neat pp in presence of ZnO at 

a concentration as low as 0.03 wt%. With an increasing ZnO concentration there 



is further increase in the crystallization rate, demonstrating the role of ZnO in 

enhancing the rate of crystallization. 
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Figure 5a.6 Effect of nano ZnO concentration on the peak crystallization time of the 
nanocomposites at different isothermal crystallization temperatures 

Gutzow et al. 39 developed a theory to explain why inorganic particles 

nucleate crystallization in linear polyolefins. Nucleation efficiencies are related 

to (i) bond energies between the nucleating agent and the polymeric crystals, and 

(ii) crystallographic mismatches between the substrate and polymer. 

5a.3.2 Thermogravimetry 

Thermal stability is an important property and the nanocomposite 

morphology plays an important role.40 TGA studies shows that inorganic fillers, 

which are widely used industrially to improve the mechanical properties of 

polymer materials, have different effects on the thermal oxidation of PP. The 

decomposition temperature of PP was increased by adding nano silica41 , clay42, 

CaC0343 etc. 

The TG and DTG curves of neat PP and its composites using nano ZnO are 

given in figures 5a.7 & 5a.8 respectively. The temperature of onset of 

degradation Ti (0C), the temperature at which the rate of decomposition is 10 % 

[Tu)"l. eC)], the temperature at which the rate of decomposition is maximum 



(Tmax) CC), the temperature at which the rate of decomposition is 50% [T 50% 

("C)], the peak degradation rate and the residue at 800°C are given in table 5a.2. 

pp degrades in a single step. The thermal degradation profiles of pp and PP­

nano ZnO composites exhibit that most of the degradation events occur between 

270 and 500°C. The nanocomposites degrade over a much narrower temperature 

range than the pure polymer because the onset point of degradation shifts to 

higher temperature. The degradation starts at a temperature of 285°C and the 

peak rate of degradation is 2.914%/min at corresponding Tmax 419.0 °C for pp 

and in nanocomposites, T; is 331°C on adding 3.0 wt% ofnano ZnO, indicating 

improved thermal stability of the nanocomposites. The T max temperature also 

showed an improvement in thermal stability. Residue at 800°C is only about 

1.665 % for PP. Adding 3.0 wt% of ZnO, residue increased to 2.460 %. The 

peak rate of decomposition decreased from 1.471 to 1.054 %/min in 

nanocomposites. This increase in the thermal stability of the nanocomposites 

may result from the strong interaction between the nano ZnO and pp molecules. 

Gilman44 suggested that the themlal stability of polymers in the presence of 

fillers is due to the hindered thermal motion of polymer molecular chains. 
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Figure 58.7 Thermogravimetric traces of PP- nano ZnO composite samples (lower curves with 
increasing ZnO concentrations 0.0, 0.03, 1.0, 3.0 wt%l 
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Figure 5a.8 Differential thermogravimetric traces of PP-ZnO composites 

Table 5a.2 Degradation characteristics of pp and its nanocomposites 

ConeentratioQM' ... T.re)···· Tl.~, • Rejidue Peakra~ot T$O% 'r ... . ".:- ~ 

at800·C ~9 ~Dset· «a· d~omeo$idon !'·re) rq ;" ~~ 

,. (%) Co/.lmm)' ". 

0 285 367.5 1.665 1.471 400.2 419.0 

0.03 294 398.4 1.863 1.456 412.7 436.9 

1.0 329 402.3 2.232 1.163 432.1 454.8 

3.0 331 412.7 2.460 1.054 458.1 470.7 

On adding commercial ZnO, themal stability increases (figure 5a.9). The 

T max temperature increases from 419 (le to 450 °e on adding 3.0 wt% 

commercial ZnO. But the peak rate of decomposition increased from 1.471 to 

2.436 %/min, which is clear from the DTG graph (figure 5a.8). 
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Figure 5a.9 Thermogravimetric traces of PP- commercial ZnO composite samples (lower 
curves with increasing ZnO concentrations 0.0, 0.03, 1.0 and 3.0 wt%1 

5a.3.3 Mechanical properties 
5a.3.3.1 Torque studies 

It has been widely established that the mechanical properties of crystalline 

polymeric materials strongly depend on processing conditions and techniques 

used to process the materials. The same polymeric material can be processed into 

a soft and flexible product or a strong and stiff product under different 

conditions. The variation of mixing torque with time of mixing at different ZnO 

loading is shown in figure 5a.10. A mixing time of 8 minutes was fixed since the 

torque stabilized to a constant value during this time. The temperature of the 

mixing chamber was fixed as 180°C. The stabilization of the torque may be 

related to the attainment of a stable structure after a good level of mixing. 

Initially torque increases with the charging of PP, but decreases with melting. 

After homogenization of PP, ZnO was added at 2.5 min. There is a little increase 

in torque on continued mixing with ZnO. After mixing, the torque value is found 

to be steady. It is clear from figure that there is no degradation taking place 

during the mixing stage. Similar trend in torque is observed when commercial 

ZnO is mixed with PP. 
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Figure 5a.1 0 Variation of mixing torque with time of mixiny at different ZnO loading 

5a.3.3.2 Tensile properties 

The most important property of nanocomposites is the enhancement in 

mechanical properties even at low percentages of nano ZnO loading. 

The effects of the nano ZnO on the mechanical properties of pp are 

summarized in table 5a.3. 

Table 5a.3 Tensile properties of PP-nano ZnO composites 
: '. 

Tensile COD«ntr.~ott Ten"ile Elongation S.horeD E~!rgy Tensile 
ofZnO (W1:%) strength lnodUlus (0/.) hardness tOID8X tougluiess 

,', " ,(lm>aY· . ,,(GPa) 
. ' (of>' (l/m) 

, .. , 
" . . . 

0.0 29.94 0.977 8.147 55 0.899 408.6 
--- --, -I--' -- - ---

0.03 31.66 1.078 7.972 57 0.948 469.3 
" - .. 

0.1 32.71 1.099 7.043 58 0.989 466.5 
-. --- -- - ----t---- .----

0.5 32.96 1.144 6.825 62 1.082 527.8 
-- - -- ---f'-- --- --- -- 1----- - - - -

1.0 33.09 1.201 6.129 65 1.151 523.1 
----- - '-:--. -- -- c--- -- - --

2.0 34.56 1.255 5.998 69 1.292 642.7 
--.. _- --- .. - -- ._---- f-- - -------

3.0 36.59 1.323 5.892 70 1.309 654.9 



The results in table 5a.3 show an increase in the tensile modulus and 

strength of pp with an increasing concentration of ZnO from 0.0 to 3.0 wt%. 

From 0.0 to 1.0 wt% the change in tensile strength is about 10 % and modulus is 

about 23 %. From 1.0 to 3.0 wt% the same improvement in tensile strength 

(about 10 %) is observed, and modulus (about 10 %). The Shore D hardness also 

supports this reinforcement. The elongation to break is found to decrease with an 

increasing loading of ZnO. indicating that the nanocomposites become 

somewhat brittle. This behaviour is also observed when talc and calcium 

carbonate are added to pp matrix, which also provided an effective 

reinforcement to pp matrix.45 Energy to max and tensile toughness (energy/ 

thickness of the sample) values increases by about 45 % and 60 % respectively 

with 3.0 wt% Zno loading. Area under the stress-strain curve is directly 

proportional to the energy absorbed. Since there is an increase in energy 

absorption some modification has taken place, which is clear from the increase 

in tensile toughness values (fibJUre 5a.ll). These results demonstrate that even a 

small fraction of ZnO provide effective reinforcement to the pp matrix. This is 

due to better interaction between pp matrix and ZnO nanoparticles. 
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Reinforcement of pp matrix is also achieved by mixing with commercial

ZnO. Figure 5a.12 and 5a.13 compares the tensile strength and modulus of pp­

ZnO composites using nano and commercial ZnO. The increase in tensile

strength and modulus is about 7 % and 5 % respectively on adding 3.0 %

commercial ZnO.
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Energy to maximum, tensile toughness and elongation to break of PP­

commercial ZnO nanocomposite is given in the table 5a.4. Elongation to break 

of nanocomposites decreases, energy to maximum and tensile toughness values 

increases to about 13 % and 18 % respectively on adding 3.0 % commercial 

ZnO. For the PP-clay nanocomposite by Kodgire et a1.46, the increase in tensile 

modulus was about 35 %, whereas the increase in the strength was about 10 % 

on adding 4 % clay. 

Table 5a.4 Tensile properties of pp. commercial ZnO nanocomposites 

"Tensile 
Concentration Elongalii9n ShoreD Energy to ma~· toughness 
of ZnO(wt%). . .... ·J~~r ·'h~i~~'(.J). . (J/m) 

0.0 8.147 55 0.899 408.6 
----- --- - r--- ---.--

0.03 7.180 57 0.901 412.9 
~------ f-- - f----- ------

0.1 6.367 59 0.923 409.3 
------- - -----

0.5 6.260 61 0.938 423.5 
-------- - --- ------

1.0 4.294 63 1.001 451.5 
~ --- ---t-- - r------ ---

2.0 3.841 65 1.075 460.1 
-------- --------

3.0 3.450 68 1.021 484.2 

This study showed that the dispersion of the nanoparticles will have a 

significant effect on the mechanical properties of the nanocomposite. It is 

reasonable to propose that there is an intimate contact between the polymer 

molecules and the nanoparticles, so the strong interaction between the polymer 

and filler increases the mechanical properties. As for commercial ZOO particles, 

the contact is weak, because the particles aggregate in the polymer, so the extent 

of improvement in mechanical properties are lower when compared to the 

properties ofPP-nano ZnO composites. 

Stress-strain curves for PP and its nanocomposite is shown in figure 5a.14. 

From the stress strain curve it is clear that with nano Zno loading the elongation (%) 



decreases, indicating that the composite becomes somewhat brittle compared with 

neat PP. 

40 T-

35 ! 

- 30 ' ... 
25 J E 

E ! - 20 z -III 15 III 
Cl) 

10 ob 
en 

J 5' 
o --

0 5 10 15 20 25 

Stroke strain (0;0) 

-+--O.Owt% .....-..-3wt % -.-0.03 wt % 

Figure 5a.14 Stress· strain curve for pp and its nanocomposites 

5a.3.3.3 Morphology of the fractured surfaces 

The scanning electron micrographs of the fractured surfaces of the tensile 

test specimens have been studied to acquire an insight into the mechanism of 

reinforcement. Figure 5a.I5 (a) shows the fracture surface for unmodified PP. It 

indicates the necking phenomena of PP molecule, because of its ductility. There 

is no sign of significant plastic deformation. From figure Sa. 15 (b), it is clear that 

nano ZnO exist as dispersed particles and the morphology gets substantially 

modified. Nano ZnO loading leading to stress whitening is prevalent in this 

figure, indicating localized plastic deformation. In PP- ZnO nanocomposites 

shear yielding is the reinforcement mechanism. There is complete stress transfer 

from the PP matrix to nano rod having high aspect ratio. There is no sign of 

extensive particle agglomeration as compared to PP-commercial ZnO 

nanocomposite fracture surface shown in figure 5a.15( c), where we can see large 

agglomerates and the dispersion is inhomogeneous. 



(a) (b) 

(c) 

Figure 58.15 Fracture surface of la) unmodified pp matrix showing necking phenomena Ib) pp. 
nano ZnO composite showing stress whitening Icl pp. commercial ZnO composite 

5a.3.3.4 Flexural properties 

A comparison of flexural strength and modulus of PP-ZnO nanocomposites 

using nano and commercial ZnO is shown in. figure 5a.16 (a) & 5a.16 (b) 

respectively. With nano ZnO, the flexural modulus as well as the strength of pp 

increases considerably. For example, incorporation of nano ZnO at the level of 

3.0 wt%, modulus increases by around 45 % and strength by around 42 %. With 

commercial ZnO, the flexural modulus and strength increases by around 2 % and 

11 % respectively. The effective reinforcement is due to smaller particle size, 

high surface area, uniform dispersion and good interfacial interaction of nano 

7nO with pp matrix. Nano ZnO has a unique structure, and so it is easily 



inserted into the matrix, increasing the contact area between the ZnO and matrix. 

Moreover, from the perspective of reinforcement of composite, nano ZnO will 

increase the flexural strength and flexural modulus than commercial ZnO , 
because it has a higher aspect ratio. Chen et al.47 also reported the reinforcement 

by ZnO. For the PP-clay nanocomposite by Kodgire et al.46 the increase in 

flexural modulus was about 25 %, whereas the increase in the strength was about 

30% on adding 4 % clay. 
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5a.3.3.5 Impact strength 

Unnotched Izod impact strength of PP-ZnO nanocomposites using nano 

and commercial ZnO is compared in figure Sa.17. With commercial ZnO, the 

impact strength increases by about 7S %, but with nano ZnO, the increase is 

about 210 % on adding 3 wt% of ZnO. The addition of ZnO does not increase 

percentage crystallinity, so there is a positive effect on impact strength. The 

increase in impact strength is evidenced by the tensile toughness values given in 

figure Sa.lt. So the toughness of pp is improved with ZnO addition. 
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Figure 5a.17 Comparison of unnotched Izod impact strength of pp. ZnO 
nanocomposites using nano and commercial ZnO 

Thio et al.48 reported that the introduction of micrometer-scale CaCO) 

particles led to an improvement in the Izod impact strength of pp by up to four 

times. It was found that the main toughening mechanisms were crack deflection 

and interfacial debonding and plastic deformation of interparticle matrix 

ligaments. Recently, Chan et al. 25 reported that the fracture toughness of pp 

increased five-fold by incorporating nanometer-scale (ca. 40 nm) CaC03 

particles, and the CaC03 nanoparticles acted as stress concentrators to promote 

toughening mechanisms. In our case ZnO acts as stress concentrators to promote 

toughening mechanism. Nanoclay exhibited a striking variation in impact 

b h · 49 toughness e aVlour. 
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5a.3.4 Dynamic mechanical analysis (DMA) 

An increase in storage modulus was observed in PP- ZnO nanocomposites 

by Zhao et.a1.38 This is expected owing to the stiffness improvement effect of 

inorganic ceramic particles. 

The DMA results for the dynamic storage modulus of the PP-Zno 

nanocomposite samples at room temperature as a function of temperature at I Hz 

are shown in figure Sa.] 8. It shows a slow decrease of the modulii with 

temperature after the glass transition temperature. The storage modulii of the 

nanocomposite samples increases substantially with the nano ZnO concentration 

(about 37 % increase with I wt% and about 73 % increase with 3 wt% nano 

ZnOs) due to the stiffening effect of ZnO, and indicating efficient stress transfer 

between the pp matrix and ZnOs. But the storage modulus decreases,( about 27 

% with 1 wt% and 55 % with 3 wt % ZnOs) on adding commercial ZnO. The 

storage modulus ofnanocomposites at 50 QC & 100°C is given in table 5a.5. 

ii 
~ 
""" fII 
:I 
'S 
'g 

~ 
4) 
t:IJ e 
c:> u; 

3000 

2500 

2000 

1500 

1000 

500 

0 
30 80 130 180 

Temperature (D q 

a. 3.0% commercial ZnO b, 0.03% commercial ZnO c. 0,0% d. 0,03% nano ZnO 
c. I.O%nano ZnO f 3.0% nano ZnO 

Figure 5a.18 Variation of storage modulus of pp. ZnO nanocomposites at room temperature 



Table 5a.5 Storage modulus of pp. ZnO nanocomposites at 50 DC & 100·C 

-

Sample 
. 

pp alone 

Storage modulus 
at 50 °C(MPa) 

1263 

Storage modulus 
at 100°C (MPa) 

490 
---_. - - - --_. -- '. - . - -- -- - .- - _. - . - - - - .. - - - -- -

PP/0.03 wt% nano ZnO 1524 499 

PP/LO wt% nano ZnO 1732 574 

PP/3.0 wt% nano ZnO 2188 776 

PP/O.03 wt% commercial ZnO 921 304 

PP/3.0 wt% commercial ZnO 559 148 

The DMA results for the loss modulus of the PP-ZnO nanocomposite 

samples as a function of temperature at I Hz are shown in fi!:,'1lre 5a.19. On 

modifying \vith both ZnOs, loss modulus value increases. This increase in loss 

modulus value is more for PP-nano ZnO composites than that of PP- commercial 

ZnO composites. 
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Figure 5a.19 Variation of loss modulus of pp. ZnO nanocomposites 

, is observed at higher temperatures. Sangectha et al.~2 reported an increase 

in storage and loss modulus of PP-clay nanocomposites. Zhao et a1. 3X reported 



an increase in storage and loss modulus of pp nanocomposites by lnO 

nanoparticles. 

Figure 5a.20 shows tan 0 versus temperature plots for PP-lnO 

nanocomposites. From the tan delta peak it is clear that some compatibility is 

achieved as a result of mixing pp with nano lnO that is evident from peak 

broadening. PP-ZnO nanocomposite is prepared with increased stiffness. Tan C5 

value decreases with modification and the decrease is more in the case of 

commercial ZnO nanocomposites. Tan cS values of PP-ZnO nanocomposite are 

given in table 5a.6. 
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Figure 5a.20 Variation of tan delta of pp. ZnD nanocomposites 

Table 5a.6 Tan cS values of PP-ZnO nanocomposite 

Sample 

pp alone 

PP/0.03 wt% nano ZnO 

PP/l.O wt% nano ZnO 

PP/3.0 wt% nano ZnO 

PP/0.03 wt% commercial ZnG 

PP/3.0 wt% commercial ZnO 

Peak values oftan 0 at 150°C 

0.2002 

0.1456 

0.1192 

0.1124 

0.1053 
---_. -- - -- - - -_. 

0.1030 



Correlation of impact and dynamical properties in tenns of tan S peak values of 

the nanocomposites has been done. The variation of the impact strength as a function 

of the total loss tangent peak values for PP- nano ZnO composites and PP­

COltu11ercial ZnO composites is shown in figure 5a.21 & Sa. 22 respectively. The 

curves show a non-linear shape. 
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Figure 5a.21The variation of the impact strength as a function of the total loss tangent peak 
values for pp. nano ZnO composites 

500 

450 

i 400 
2-
.&:. 350 .... 
Cl 
c: 300 Cl) 

.:::: 
U) 

250 1:) 
IV 
Q. 200 
.E 

150 

100 
0.1 0.12 0.14 0.16 0.18 0.2 0.22 

Tan delta (loss factor) 

Figure 5a.22 The variation of the impact strength as a function of the total loss tangent peak 
values for pp. commercial ZnO composites 



5a.3.5 Melt rheology 

The rheological behaviour of PP-ZnO nanocomposites is studied at three 

different temperatures 170, 180 & 190 {le. Effect of shear stress, filler loading 

and temperature on rheological behaviour is investigated. 

5a.3.5.1 Effect of shear stress on shear viscosity 

Figure 5a.23 present the shear viscosity vs. shear stress curves of PP- ZnO 

nanocomposites at 180 {le with increasing ZnO concentration from 0.0-3.0 wt%. 

We also examined the flow behaviour of pp nanocomposites tilled with 1.0 % 

commercial ZnO. As shear stress increases, the viscosity of PP-ZnO composites 

decreases in all cases, indicating the pseudoplastic flow behaviour. At zero 

shear, the molecules are randomly oriented and highly entangled and therefore 

exhibit high viscosity. Under the application of shearing force, the polymer 

chains orient, resulting in the reduction of shear viscosity and thus exhibit shear­

thinning (pseudopJastic behaviour).so.sl It is just this pseudoplasticity that makes 

the nanocomposites to be easily melt-processed. Effect of temperature on shear 

viscosity of pp nanocomposites filled with 1.0 % nano ZnO is given in figure 

5a.24. With a rise of temperature from 180 to 190 {le the value of shear viscosity 

decreases, especially at relatively lower apparent shear stress. The melt viscosity 

increases when the temperature decreases to 170 0e. 
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Figure 5a.23 Effect of shear stress on shear viscosity of pp. ZnO nanocomposites 
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5a.3.5.2 Effect of filler loading 

Since entanglements of polymer chains and arrangement of ZnO are not 

permanent and altered by flow and relaxation processes, any disturbance of this 

steady state, such as shear, will disrupt the structure of the polymer matrix. 

Figure 5a.25 shows the variation of shear viscosity \\1ith increasing concentration 

of nano ZnO from 0.0-3.0 wt% at six different shear rates. It is clear from the 

figure that shear viscosity increases with nano ZnO addition and this increase is 

more prominent at low shear rates and low ZnO concentration. Also it can be 

seen from the figure that shear viscosity decreases substantially with increasing 

shear rate, but increases monotonically with increasing nano ZnO loading at a 

given shear rate. 52.53 
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Figure 5a.26 examines the variation of shear viscosity of pp nanocomposites 

with concentration of commercial ZnO at six different shear rates, It is clear from the 

figure that viscosity almost remains constant with ZnO loading, 
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5a.3.5.3 Effect of temperature 

Shear viscosities of pure pp and nanocomposite melts decreases with 

increasing extrusion temperature in the range of 170-190 ne, demonstrating 

that increasing temperature improves the flow behavior of the polymer melts. 

However, the effect of temperature on shear viscosity changes with the shear 

rate. The data indicate that the temperature sensitivity of shear viscosity is 

higher in lower shear rate region, and drops at higher shear rates. This 

phenomenon is in agreement to the fact that elevating shear rate always 

accompanied by a rapid decrease of the entanglement density of 

macromolecules and the melt viscosity.54 The Arrhenius plots of PP-nano 

ZnO composites at two different shear rates is given in figure 5a.27 (a) & (b). 

A good linear correlation was found in the plot of In 11. vs. liT, which has 

proved the appropriateness of the Arrhenius-£yring equation. Values of Ea 

obtained from the slopes of these plots are given in table 5a.7. 

From the table 5a.7 it can be observed that the activation energy of flow of 

the nanocomposites increases with modification at lower shear rates. But 

activation energy decreases with modification at higher shear rates. 
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Table 5a.7 Activation energies of pp. nano ZnO composites at two shear rates 

Concentration of ZllO (wt%) 

0.0 

0.03 

1.0 
.- ._-- .- ---- - .. i--- ... -

3.0 

5a.3.5.4 Flow behaviour index (n') 

Activation 
ener2Y (J/mol) 

0.1333/s 1.3332/s 

0.76187 0.68408 
_. - .- .- -' 

0.79820 0.67432 
---- - ---- ----.--

0.81823 0.67167 
- ... - ..- -' .... 

0.82367 0.62345 

The effects of temperature and concentration of ZnO on the flow behaviour 

indices of the samples have been studied in detail. The extent of pseudoplasticity or 

non-Newtonian behaviour of the matcrials can be understood from n' values. 

Pseudoplastic matcrials are characterized by n' below 1. Flow behaviour index 

values of PP-nano ZnO composites at 180 "e and 190 <le are given in figure 5a.28. It 

is clear from the fih'Ure that n' decreases with increasing concentration of Zno and 

also with increasing temperature. This suggests that the system becomes more 



pseudoplastic as the ZnO content and temperature increases. A similar trend of 
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Figure 5a.28 Variation of flow behaviour index with concentration of ZnO 

5a.3.5.5 Die swell 

Die swell, called Barus effect is an important parameter for characterizing 

polymer melt elasticity in an extrusion flow and is related to the quality of the 

end products. 

5a.3.5.5.1 Effect of shear rate and concentration of ZoO 

Figure 5a.29 shows the plots of the die swell ratio, de/de for pp and PP­

ZnO nanocomposites at 180 QC at six different shear rates. The die swell ratio 

increases obviously with increasing shear rate at a constant ZnO content. It is 

noticeable that at a constant shear rate, the die swell ratio decreases slightly with 

a rise of ZnO content. Figure 5a.30 shows the variation of die swell ratio of pp 

nanocomposites filled with 1.0 % commercial ZnO at different shear rates. Die 

swell ratio remains constant with ZnO loading at lower shear rates, but decreases 

at higher shear rates. 
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5a.3.5.5.2 Effect of temperature 

Variation of die swell ratio of PP-nano ZnO composites at 3 different 

temperatures is given in figure 5a.31. It is clear from the figure that, die swell 



ratio decreases with temperature and concentration of ZnO. At 180 and 190 DC, 

the change in die swell ratio is negligible. 
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Figure 5a.31 Variations of die swell ratio of PP- nano ZnO composites with temperature 

5a.3.5.6 Extrudate deformation studies 

The appearance of the extrudate of neat pp and nanocomposites with 1.0 % 

ZnO at six different shear rates is shown in figure 5a.32 (a) and (b) respectively. 

From the figure it is clear that the extrudate distortion tendency increases with 

the shear rate. At a low shear rate, the extrudate has a smooth surface; however, 

at a higher shear rate, the surface becomes rougher. The ZnO content of the 

nanocomposite also plays a major role in determining the surface characteristics. 

As the ZnO content increases, the surface roughness also increases. Several 

factors contribute towards surface irregularity. It has been conclusively shown 

by photographic techniques57,58 that a fracturing or breaking of the elastically 

deformed flowing polymer stream occurs at the entrance to the capillary itself at 

some critical shear stress. Another factor contributing towards extrudate 

distortion is the successive sticking and slipping of the polymer layer at the wall 

in the capillary.59,6o Moreover, there may be an effect at the exit as well. Shear 

thinning behaviour of the nanocomposites is clearly visible in these photographs. 



Figure 51.32 Extrudate photographs of (al neat pp and (bl pp. nano ZnO composites filled 
with 1.0 % nano ZnO at six different shear rates lal 0.01333/s Ibl 0.1333/s (cl 0.666671s 
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IPart bl 
MODIFICATION OF HIGH DENSITY POLYETHYLENE USING 

NAND ZINC OXIDE 

5b.t Introduction 

Recently, organic-inorganic nanocomposites are in the spotlight as a 

promising class of materials because of their advantages and unique properties 

synergistically derived from nano-scale structure. These nanocomposites exhibit 

improved mechanical properties, low thermal expansion coefficient, high barrier 

properties, flame retardancy, and swelling resistance. 6165 Further, these benefits 

can be achieved even at very low concentration in comparison to conventional 

polymer composites. In recent years, combination of inorganic nanoparticles 

with polymers has received great interest,66-71 for the reason that it provides a 

means of improving strenb>th together with toughness of the polymer matrix, 

which is almost impossible with conventional filled polymers. The performance 

of polymer nanocomposites is strongly dependent on the final morphology of the 

nanoparticles dispersed in the polymer matrix. 

High-density polyethylene (HDPE) is considered as a primary material in 

the materials substitution chain because of availability and recyclability. It is the 

world's largest volume thermoplastic and finds wide use in packaging, consumer 

goods, pipes, cable insulation etc. The performance criterion to encourage the 

application of HOPE requires superior modulus and yield strength in conjunction 

with high-impact strength. A substantial enhancement in mechanical properties 

(modulus, yield strength and toughness) of thermoplastic materials can be 

realized by reinforcement with inorganic minerals including ta1c72 mica73 

wollastonite/4-7b glass bead77 and calcium carbonate.49. 78-87 

This study is aimed at producing HDPE nanocomposites with varying ZnO 

concentration and analyzing them for their crystallization, thennal, mechanical, 

dynamic mechanical performances and melt rheology. 



5b.2 Experimental 

A simple melt-compounding route was adopted for the preparation of 

HDPE-ZnO nanocomposites. The melt compounding was performed using 

Thermo Haake Rheocord 600 mixing chamber with a volume capacity of 69 cm3 

fitted with a roller type rotors operating at 40 rpm for 10 min at 150°c. 

Nanocomposites at different concentrations (0.0-3.0 wt%) of ZnO were 

prepared. In all cases the torque stabilized to a constant value in this mixing 

time. The crystallization behaviour, thermal stability, morphology, melt 

rheolob'Y, mechanical and dynamic mechanical property of the nanocomposites 

using commercial and nallO ZnO were analyzed according to the details 

summarized in sections 2.3 of this thesis. 

5b.3 Results and discussion 
5b.3.1 Differential scanning calorimetry 
Sb.3.1.1 Non-isothermal 

The crystallization behaviour of polymer is a basic problem in polymer 

physics. Especially, the filler in a polymer will affect the crystallization 

behaviour of the polymer-based composites very much~S-YO because, the filler 

may adsorb the polymer molecules and act as crystal nuclei. However, to be 

relevant to industrial processing, it is desirable to study the crystallization of 

nanocomposites under non-isothermal conditions. Several authors have reported 

the crystallization studies on HDPE with nano- filler. Zhcng et al. 90 investigated 

the crystalhzation behavior of rare earth neodymium-iron-boron (NdFeB) 

magnetic powderl high density polyethylene composite. The results showed 

there was a remarkable heterogeneous nucleation effect ofNdFeB on the HDPE 

matrix. Huang et al.'11 explored HDPE reinforced and toughened by nano­

CaCOJ . HDPE can be reinforced and toughened by the adhesion force between 

nano-CaC03 and HDPE matrix even when the surface of nano-CaC03 particles 

is untreated. He et a!. 92 prepared HDPE-nano-Si02 composites by a new 

dispersing method, using a vibrational mill to disperse the nano-Si02 into HDPE. 

The composite exhibited excellent abrassive performance. 



In this section we compared the crystallization characteristics of HDPE 

matrix using nano and commercial ZnO. The effect of nano ZnO on the 

crystallization characteristics of melt compounded HDPE- ZnO nanocomposite 

samples was analyzed first with non-isothermal DSC experiments. The 

crystallization temperatures (Te), the apparent melting temperatures (T m), the 

corresponding enthalpies (~He and ~HIIl) and the degree of supercooling (~T= 

Tm- TJ are also reported in table 5b.l 

Table 5b.l DSC·determined thermal characteristics of HOPE· nano ZnO composite samples 

Concentration 
Tc(C) &Ilc (Jig) Tm(C) &Hm (Jig) 

&T 
of ZnO (wt%) (OC) 

0.0 111.5 147.4 134.5 145.6 23 

0.03 116.6 146.4 135.9 144.2 19.3 

0.1 118.6 146.4 135.0 145.6 16.4 

0.5 125.8 146.2 136.9 146.8 ILl 

1.0 127.2 146.9 136.8 145.6 9.6 

2.0 131.3 145.6 137.2 145.1 5.9 

3.0 132.9 146.0 136.5 147.3 3.6 

Figure 5b.l shows the DSC cooling scans of HDPE- nano ZnO composite 

samples. During cooling from the melt, the ZnO containing samples show 

crystallization exothem1s earlier than neat HOPE, as also seen from the 

corresponding Te values indicated in table 5b. L It is found that the 

nanocomposite sample containing nano ZnO at a concentration as low as 0.03 

wt% enhances the rate of crystallization in HDPE as the cooling nanocomposites 

melt crystallizes at a temperature 5°C higher as compared to neat HOPE. The Te 

values continue to increase with increasing ZnO concentration, further increase 

in ZnO concentration from 0.03 to 3.0 wt%, the additional Tt increase is about 

16°C. There is a saturation of the nucleant effect at low ZnO (upto 3.0 wt%) 

concentrations, resulting in diminishing dependence on the increasing ZnO 

induced nucleation, possibly because of large surface area and good dispersion 



of ZnO. The melting temperature is slightly increased and one Possible 

reason for the increase in the melting temperature is that the processed 

nanocomposite has a smaller particle size, thus has a larger specific surface 

and a larger interfacial area, resulting in a stronger interaction between the 

polymer matrix and the more finely dispersed particles. The stronger 

interaction constrains the movement of molecular chains, leading to a higher 

melting point. The enthalpies of HOPE and nanocomposites stay unaffected. 

The degree of supercooling (~T =Tm-Tc) may be a measurement of a polymer's 

crystallizability: the smaller the ~T, the higher the overall crystallization rate 

(figure 5b.2). The ~T values for the HDPE- nano ZnO were 19-3.6 ne smaller 

than that of neat HOPE (23 nC). The results indicated that the incorporation of 

ZnO nanoparticles had little effects on the degree of crystallinity of HDPE. 

Tjong et al.'I) also observed this behavior in LOPE - ZnO nanocomposites. This 

was also observed by Osman et al.'14 in HOPE- silicate composites. 
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On adding commercial ZnO the total increase in crystallization temperature 

was I QC and fiHc, fiHm, Te and T m values remains a constant with ZnO loading. 

The fiT values for the HDPE-commercial ZnO composites remains a constant 

near the neat HDPE value (23 QC). Figure 5b.3 compares the crystallization 

temperatures of HDPE nanocomposites using commercial and nano ZnO. It can 

be seen that nano ZnO is a better nucleating agent than commercial ZnO. Te 

increase is only about I QC on additing 3.0 wt% commercial ZnO, but for nano 

ZnO addition, the value is about 18 QC. This is because, interactions between the 

filler surface and the matrix substantially decreases on adding commercial ZnO 

and the particles do not show to behave as nucleating agents. 
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Figure 5b.3 Comparison of crystallization temperatures of HOPE- ZnO nanocomposites using 
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The reason for crystallization temperature of HDPE~ommercial Zna 

composite remaining unaltered may be related to the particle-matrix interaction. The 

interfacial interaction plays a critical role in the free energy of cluster formation and 

the rate of nucleation; the weak interaction lowers the rate of nucleation.95 

Sb.3.1.2 Isothermal crystallization characteristics 

Figure 5bA shows the typical isothermal crystallization curves of the 

HDPE-nano ZnO composite samples at four temperatures (120 DC, 125°C, 130 

DC and 13S°C). The time corresponding to the maximum in the heat flow rate 

(exotherm) was taken as peak time of crystallization (t peak). Such peaks are seen 

at each of the four isothermal crystallization temperatures for the 0.03 wt% ZnO 

containing nanocomposite, with the earlier or faster crystallization (smaller tpea0 

corresponding to lower temperature of isothermal crystallization. For the case of 

neat HOPE, no exotherm is seen at the highest temperature of 135 DC because; 

crystallization is very slow and would require longer time than the 4 minutes 

employed in the DSC program. On the other hand, for the nanocomposite sample 

with 3.0 wt% ZnO, the rate of crystallization is so fast near the lowest 

temperature 120 DC that most crystallization occurs already during the cooling 

scan (60 nC/min) employed to reach those temperature, resulting in absence of 

exothermic peaks in the heat flow curves at that temperature. 
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Figure 5b.4 Heat flow during isothermal crystallization of HDPE·nano ZnO composite samples 

The peak times of crystallization at each of the temperatures for all the 

HOPE-ZnO nanocomposite samples are plotted against the isothermal 

crystallization temperature (figure 5b.5). We notice that due to the presence of 

ZnO the tpeak values for the nanocomposite samples reduced to less than 50 % as 

compared to neat HDPE at a concentration as low as 0.03 wt%. With the 

increasing ZnO concentration there is further increase in the crystallization rate 

(as indicated by the decrease in tpcak), demonstrating the role of ZnO in 

enhancing the rate of crystallization. 
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Figure 5b.5 The peak time of crystallization at each of the temperatures for all the HOPE·ZnO 
nanocomposite samples 



5b.3.2 Thermogravimetry 

TGA studies shows that inorganic fillers, which are widely used 

industrially to improve the mechanical properties of polymer materials, have 

different effects on the thermal oxidation of HDPE. Their addition increases the 

activation energy of thermal oxidation, and thus, has some stabilization effects. 

However, once oxidation begins, it will proceed at a much faster rate. At current 

experimental conditions, I fDPE/ta1c, HDPE/wollastonite, HDPE/diatomite and 

HDPE/CaC03 are more stable than HDPE itself before breakage.96 Thermal 

stability of ITDPE is increased with silicalite-l content. 

The TG and DTG curves of neat HDPE and its nanocomposites using nano 

ZnO are given in figures 5b.6 & 5b.7 respectively. The temperature of onset of 

degradation T; CC), the temperature at which the rate of decomposition is 10 % 

[T1O% ("C)], the temperature at which the rate of decomposition is maximum 

(Tmax "C), the temperature at which the rate of decomposition is 50 % [T50% 

(OC)], the peak degradation rate and the residue at 800 [lC are given in table 5b.2. 

HDPE degrades in a single step. The thermal degradation profiles of HDPE and 

HDPE-nano ZnO composites exhibit that most of the de.b'Tadation events occur 

between 365 and 520 (le. The nanocomposites degrade over a much narrower 

temperature range than the pure polymer because, the onset point of degradation 

shifts to higher temperature. The degradation starts at a temperature of 362°C 

and the peak rate of degradation is 3.143 %/min at corresponding T m,x 479.4 QC 

for HDPE, and in nanocomposites, T; is 393.4 °C on adding 3.0 wt% of nano 

ZnO, indicating improved thermal stability of the nanocomposites. The T rnax 

temperature also showed an improvement in themlal stability. Residue at 800°C is 

only about 0.0307 % for HDPE. Adding 3.0 wt% of ZnO, residue increased to 

6.201 % and the peak rate of decomposition decreased from 3.143 to 2.358 %/min. 

This increase in the them1al stability of the nanocomposites may result from the 

strong interaction between the nano Zno and HDPE molecules. On adding 

commercial ZnO, thermal stability slightly increases (figure 5b.8). '[be T,nax 



temperature increased from 479.4 DC to 481°C, on adding 3.0 wt% commercial 

ZnO. 
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Figure 5b.6 Thermogravimetric traces of HOPE - nano ZnO composite samples (lower curves 
with increasing ZnO concentrations 0.0, 0.03, 1.0, 3.0 wt%). 
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Figure 5b.7 Differential thermogravimetric traces of HOPE· nano ZnO composites 



Table 5b.2 Degradation characteristics of HOPE and its nanocomposites 

Concentration', Ti TIO'Yo Residue " Peak rate of Tsw. t~~l , 
" ' , 

ofZnO (OC) ("C) at 800°C decomposition ("C) "':1 (0/0) '(%/min), '-I 
'",-"',i 

0 362.6 I 413.2 0.0307 3.143 471.0 479.4 
-- ._ .. ,-- - --~--" -- - ,,- -- _._.- ----, --- --:-----

.. _0_03, ____ i 336891~,53 (,',_4
4
, 4307·.5111 __ 0.~3_99 1\: ______ 2._996 __ 1481.41485.1 

1.0 I . 2.340 2.960 I 481 ~ ,485T 

3.0 139rrt44i:O 1-6.201 --- j ,- 2,358--r 4826l4873~ 
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Figure 5b. 8 Thermogravimetric traces of HOPE - commercial ZnO composite samples (lower 
curves with increasing ZnO concentrations 0.0, 0.03, 1.0, 3.0 wt%l 

5b.3.3 Mechanical properties 

5b.3.3.1 Torque studies 

It has been widely established that the mechanical properties of crysta1line 

polymeric materials strongly depend on processing conditions and techniques 

used to process the materials. The same polymeric material can be processed into 

a soft and flexible product or a strong and stiff product under different 

conditions. The variation of mixing torque with time of mixing at different ZnO 

loading is shown in figure 5b.9. A mixing time of 10 minutes was fixed since the 



torque stabilized to a constant value during this time. The temperature of the 

mixing chamber was fixed as 150°C. The stabilization of the torque may be 

related to the attainment of a stable structure after a good level of mixing. 

Initially torque increases with the charging of HOPE, but decreases with melting. 

After homogenization of HDPE, ZnO was added at 2.5 min. There is a little 

increase in torque on continued mixing with ZnO. After mixing, the torque value 

is found to be steady. It is clear from the figure that there is no degradation 

taking place during the mixing stage. Similar trend in torque is observed when 

commercial ZnO is mixed with HDPE. 
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Figure 5b.9 Torque·time graph of HOPE· ZnO nanocomposites 

5b.3.3.2 Tensile properties 

A polymer consists of long-chain molecules. The atoms constructing the 

backbones of these chains are held together by covalent bonds. Though covalent 

bonds are one of the strongest in nature, their strength is not realized in polymers 

because the molecular chains exist primarily as random coils.97.9R The response 

of a polymer to an external force is mainly through the motion of the chain 

segments of the coils, which dominates the yielding behaviour of the polymer. 

When a semicrystalline polymer is subjected to an external load, the chain 



segments in the crystalline regions slip, causing the lamellae to disintegrate 

locally and the polymer to yield and neck.99. IOO This gives rise to a low stiffness 

and strength. 

The effects of the nano ZnO on the mechanical properties of HDPE are 

summarized in table 5b. 3. 

Table 5b.3 Tensile properties of HOPE· nano ZnO composites 

Concentration Tensile Tensile Elongation ShoreD Energy Ts~ 
of ZnO (wt%) strength modulus (%) hardness to max tou;~ 

(MPa) (GPa) (J) (J/m)~~ 

0.0 22.71 0.366 15.54 65 0.854 406.6 
- --_._- -_. I .. - .. _- -- - ... .. - . -. ---_ .. - -----

0.03 24.04 00418 12.40 68 0.983 489.1 
-- _ ... .-- -- -- -- - - ._- -- ---- - 1---

0.1 25.59 0.525 11.77 70 1.03 619.0 _ .. . - -_ .. - -- . .- - . _. ---- _ . --._--
0.5 26.65 0.597 10.21 72 1.12 664.9 

. --. ---- - .. _-- - _ .. I _ .. _._- _. ..---._-

1.0 36.77 0.609 9.65 78 1.36 647.6 
._-_. - .. - _ . .- -- - ._. -- ---.--

2.0 37.81 0.618 8.21 79 1.39 712.8 
----- - .- - ._--- -- - _ .. -_. -------

3.0 39.61 0.627 5.31 80 1043 713.2 

The results in table 5b.3 shows an mcrease in the tensile modulus and 

strength of HOPE with an increasing concentration of ZnO content from 0.0 to 

3.0 wt%. From 0.0 to 1.0 wt% the change in tensile strength is about 62 % and 

modulus is about 66 %. But from 1.0 to 3.0 wt% there is only a little increase in 

tensile stren!:,>th (about 7 %) and modulus (about 2 %). The tensile strength 

showed an increment of about 75 % and modulus increased to about 71 % on 

adding 3.0 wt% of nano ZnO. The Shore D hardness also supports this 

reinforcement. The elongation to break is found to decrease \vith the increasing 

loading of ZnO, indicating that the nanocomposites become somewhat brittle. 

Energy to max and tensile toughness (energy! thickness of the sample) values 

(figure 5b.lO) increases by about 67 % and 75 % respectively with 3.0 wt% ZnO 

loading. Area under the stress-strain curve is directly proportional to the energy 

absorbed. Since there is an increase in energy absorption some modification has 

taken place, which is clear from the increase in tensile toughness values. These 



results demonstrate that even a small fraction of ZnO provide effective 

reinforcement to the HDPE matrix. This is due to better interaction between 

HDPE matrix and ZnO nanoparticles. 
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Figure 5b.t 0 Variation of tensile toughness with concentration of ZnO 

Figure Sb.l1 and Sb.12 shows a comparison of tensile strength and 

modulus of HDPE- ZnO composites using nano and commercial ZnO. 
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Figure 5b. t 1 Comparison of tensile strength of HOPE· ZnO nanocomposites 
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Figure 5b.12 Comparison of tensile modulus of HDPE· ZnO nanocomposites 

[t is clear from the graph that commercial ZnO loading decreases the strength 

and modulus of HOPE. Uniform dispersion of commercial ZnO is not attained by 

melt mixing and aggregates of particles are more in HOPE- commercial ZnO 

composite than in HOPE- nano ZnO composites. Uniform dispersion is important 

because, in the case of a matrix with aggregates of particles, the stress field will be 

concentrated around any aggregates, such that the cracks will propagate and 

rapidly, causing premature failure. The energy to maximum and tensile toughness 

values maintains the same value with increasing commercial ZnO concentration. 

Elongation of the composites also decreases. The tensile properties of HOPE -

commercial ZnO composites are summarized in table 5bA. 

Table 5b.4 Tensile properties of HOPE·commercial ZnO composites 

Concentration Elongation Shore D Energy to Tensile toughness 
ofZnO (wt%) (%) hardness max (J) (J/m) 

0.0 15.54 65 0.854 406.6 
--.~-- -

0.03 15.26 68 0.832 402.3 
.• . .. -~-

0.1 12.49 70 0.856 405.8 
-_. 

0.5 10.51 72 0.857 407.3 
---- .--~" .y . ~-- - .. ---_.--

1.0 10.98 72 0.865 408.1 
------' .. - .. _ .. -------

2.0 11.23 73 0.855 406.9 
~ 

3.0 11.55 75 0.845 410.3 



Stress-strain curves for HDPE and its nanocomposite is shown in figure 

5b.13. From the stress-strain curve it is clear that with ZnO loading the 

elongation (%) decreases, indicating that the composite becomes somewhat 

brittle compared with neat HDPE. Area under the stress-strain curve increases, 

which indicate an increase in toughness of composite. 
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Figure 5b.13 Stress-strain curve for HOPE and its nanocomposites 

5b.3.3.3 Morphology of the fractured surfaces 

The morphological structure of polymer nanocomposites is important because 

it ultimately determines many properties of the polymer nanocomposites. '!be 

scanning electron micrographs of the fractured surfaces of the tensile test specimens 

have been studied to acquire an insight into the mechanism of reinforcement. Figure 

5b.14 (a) shows the fracture surface for unmodified HDPE. It indicated the necking 

phenomena of HOPE molecule, because of its ductility. There is no sign of 

significant plastic defonnation. From figure 5b.14 (b) & (c) it is clear that nano ZnO 

exist as dispersed particles in HOPE matrix and the morphology gets substantially 

modified. Here we can observe shape transition of ZnO nanoparticles. In 

nanocomposites, nanoparticle-matrix interactions are expected to detennine tills 

shape transition. lill Oue to the donrinance of surface states, nanoparticJes of a 

material may exert forces that are different from those exerted by the corresponding 

bulk material on the surrounding matrix. I02 The shape transition of nanoparticle from 



rod to spherical increases the surface area and there is tremendous reinforcement. 

SEM images are in good agreement with the observed mechanical properties. There 

is no sign of extensive particle agglomeration as compared to HOPE- conunercial 

ZnO nanocomposite fracture surface shown in figure 5b.15 (d) where we can see 

large agglomerates and the dispersion is inhomogeneous. 

(c) (d) 

Figure 5b.14 Tensile fracture surface of (a) neat HOPE (b) & (C) HOPE· nano ZnD composite 
showing nanoparticle shape transition (d) HOPE· commercial ZnD composites 

Sb.3.3.4 Flexural properties 

A comparison of flexural strength and modulus of HDPE-ZnO 

nanocomposites using nano and commercial ZnO is shown in figure 5b.15 (a) & 

5b.15 (b) respectively. With nano ZnO, the flexural modulus as well as the 

strength of HOPE increases considerably. For example, incorporation of nano 

ZnO at the level of 3.0 wt%, modulus increases by around 75 % and strength by 



around 60 %. With commercial ZnO, the flexural modulus and strength showed 

an increase of about 15 % and 14 % respectively. The better reinforcement of 

nano ZnO is due to smaller particle size, high surface area, uniform dispersion 

and good interfacial interaction with HDPE matrix. 
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5b.3.3.5 Impact strength 

The toughness of a material is generally related to the energy dissipating events 

that occur in the vicinity of a sharp crack. It should be pointed out that the interfacial 

interaction between fillers and polymer matrix significantly influence the 



mechanical properties of particulate filled polymers. Friedrich103 first emphasized 

the effect of morphology and provided evidence that semicrystalline polymers 

consisting of small spherulites are generally tougher than those containing coarse 

spherulites because larger spherulites have weak boundaries. Oudemi and Philips 104 

confirmed Friedrich's conclusion from their study on the effect of crystallinity. It 

was observed that an increase in crystallinity or spherulite size decreased the 

toughness. The behaviour of the composite is not a simple function of crystallinity 

and crystal structure (morphology), but is a complex function of other factors and 

includes lamellar thickness and interfacial interaction. If the lamellar thickness was 

increased with percentage of filler, there is reinforcement. The lamellar thickness is 

an important controlling parameter in the activation of yield, and yield stress in neat 

semicrystalline polymers is proportional to lamellar thickness. In HDPE- nano ZnO 

composites there is no change in crystallinity and the reinforcement indicate an 

increase in lamellar thickness. 

Izod impact strength (unnotched) of HDPE- ZnO nanocomposites using 

nano and commercial ZnO is compared in figure Sb.16. With 3 % commercial 

ZnO, the impact strength of HDPE increases by about 12 %. But with 3 % nano 

ZnO, the increase is about 128 %. The increase in impact strength is evidenced 

by the tensile toughness values shown in figure Sb.lO and from the area of the 

stress strain curve shown in figure Sb.l3. So the toughness of the composite is 

more improved with nano ZnO addition. 
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Figure 5b.t6 Comparison of impact strength of HOPE· ZnO nanocomposites 



5b.3.4 Dynamic mechanical analysis (DMA) 

The DMA results for the dynamic storage modulus of the HDPE - ZnO 

nanocomposite samples as a function of temperature at 1 Hz are shown in 

figure 5b.17. We were able to examine the variation from room temperature 

onwards, so unable to determine the glass transition temperatures. A slow 

decrease in modulii with temperature is observed for the nanocomposites. In 

the initial stage, storage modulii of the nanocomposite increases substantially 

with the nano ZnO concentration, showing the stiffening effect of nano ZnO. 

The storage modulii of the nanocomposite samples increases substantially with 

the nano ZnO concentration (about 35 % increase with 1 wt% nano ZnO), 

indicating efficient stress transfer between the HDPE matrix and ZnOs. But 

with commercial ZnO, the storage modulus decreases i.e., nanocomposite is 

more soft and flexible. The storage modulus of nanocomposites at 50 °e & 100 

ne is given in table 5b. 5 
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Figure 5b.17 Variation of storage modulus of HOPE· ZnO nanocomposites 



Table 5b.5 Storage modulus of HOPE· ZnO nanocomposites at 50·C & 100 ·C 

Sample I Storage modulus Storage modulut\t 
at SO GC (MPa) .. at 100 GC (MPal;~ -HDPE alone 1364 400.6 

HDPE/O-.03 -:~% nano Z;O ~" "- "16-27 ._-\ ---428~---
--ilDPEIl.O·wt% na~ZnO ._-- -t-"- 1634 --"T -- 43-~2---

--- imPE/3.0wt%~~~ZnO --.--- j-" -1"996 "r-757.1-

-::pi~O::;: c:=~::~~l~~ u r :~:~ i-:~~-:~---
The matrix orthe composite can be assumed that consists of two parts. One 

is the free part, where the state of the macromolecular chains is the same as that 

in pure HDPE. The other is the interphase. The interphase is fonned by the 

physical or chemical adsorption of the polyethylene molecules and/or trans­

crystallization on the filler's surface. The larger the interfacial area and stronger 

the interaction between the matrix and the fillers, the greater the volume of the 

interphase. Because the macromolecular chains of the interphase are restricted to 

the surface of the tillers, the molecular motion is bYfeatly limited. As a result, the 

storage modulus of the interphase is higher than that of the free part. An increase 

in the nano ZnO content enlarges the interfacial area and results in an increase 

volume of interphase. At lower temperatures, motion of ZnO particles at the 

contact points is possible because of the high modulus of the matrix. This motion 

contributes sihTflificantly to the improvement of the storage modulus of the 

composites. IllS However, as a result of the aggregation of the ZnO particles, it is 

considered that the interphase of the composite with ZnO content has been 

reduced. Therefore, above the transition temperature, the storage modulus of 

HDPE- commercial ZnO is lower than the rest of the composites. 

Figure 5b.lS shows tan 8 versus temperature plots for HDPE- ZnO 

nanocomposites. It is evident from the figure that there is not much difference in 

the height of the tan 8 peak on adding nano ZnO. This indicates that they possess 

the same order of damping capabilities. It is obtained in many cases that the 



improvement of stiffness markedly reduces the ductility. But HOPE-ZnO 

nanocomposite is prepared with increased stiffness without sacrificing ductility. 

The height of the damping peak for the nanocomposite decreases with increasing 

commercial ZnO content because the clastic characteristics of the 

nanocomposites increase with commercial ZnO content. 
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Figure 5b.18 Variation of tan delta of HDPE· ZnO nanocomposites 

Loss modulus curves for the HOPE-ZnO composite is given in figure 

5b.19. It is clear from the graph that loss modulus increases with nano ZnO 

modification and decreases with commercial ZnO modification. 
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Figure 5b.19 Variation of loss modulus of HDPE· ZnO nanocomposites 



Tan 0 values of HDPE-ZnO nanocomposite are given in table 5b.6. 

Table 5b.6 Tan 0 values of HDPE· ZnO nanocomposite 

Sample 

HOPE alone 

HDPE/O.03 wt% nano ZnO 
-, ... 

HDPE/3.0 wt% nano ZnO 

HOPE/O.03 wt% commercial ZnO 

HDPE/3.0 wt% commercial ZnO 

Loss modulus 
(MPa) 

200 

250 

252 

98 
_ .. -

75 

Tan deltavaltleat~ 
120 QC . 

0.243 
.. _- ------

0.205 
f-.- _._-

0.167 

0.092 

0.061 

Correlation of impact and dynamical properties in terms of tan 0 peak 

values of the nanocomposites has been done. The variation of the impact 

strenbJ1:h as a function of the total loss tangent peak values for HDPE- nano ZnO 

composites and HDPE- commercial ZnO composites is shown in figure 5b.20 (a) 

& (b) respectively. The curves show a non-linear shape. 
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Figure 5b.20 Variation of the impact strength as a function of the total loss tangent peak for 
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5b.3.S Melt rheology 

The rheological behaviour of HDPE-ZnO nanocomposites is studied at 
three d·t· 

1 ferent temperatures 140, 150 & 160 0e. Effect of shear stress, filler 

loading and hI' I b h' .. . I temperature on r co oglca e avlOur IS lllvestlgatC( . 

5b.3.S.1 Effect of shear stress on shear viscosity 

Pi!:,'Ure 5c.21 present the shear viscosity vs. shear stress curves of HOPE-ZnO 

D<mOcornposites at J 50 (le with an increasing ZnO concentration from 0.0-3.0 wt%. 

We also examined the flow behaviour of HOPE nanocomposites filled with 1.0 % 

comnlercial ZnO. As shear stress increases, the viscosity of HDPE- ZnO composites 

decreases in all cases, indicating the pseudopJastic flow behaviour. At zero shear, the 

molecules are randomly oriented and highly entangled and therefore exhibit high 

viSCOsity. Under the application of shearing force, the polymer chains orient, 

resUlting in the reduction of shear viscosity and thus exhibit shear thinning 

(pseUdoPlastic behaviour). It is just this pseudoplasticity that makes the 

nanocomposites to be easily melt-processed. Effect of temperature on shear viscosity 

ofImPE nanocomposites filled with 1.0 % nano ZnO is given in figure 5b.22. With 



a rise of temperature from 150 to 160°C the value of shear viscosity decreases , 
especially at relatively lower apparent shear stress. The melt viscosity increases 

when the temperature decreases to 140 "e. 
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Figure 5b.21 Effect of shear stress on shear viscosity of HDPE· ZnO nanocomposites 
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5b.3.5.2 Effect of filler loading 

Since entanglements of polymer chains and arrangement of ZnO are not 

permanent and altered by flow and relaxation processes, any disturbance of this 

steady state, such as shear, will disrupt the structure of the polymer matrix. 

Figure 5b.23 shows the variation of shear viscosity with an increasing 

concentration of nano ZnO from 0.0-3.0 \'11:% at six different shear rates. It is 

clear from the figure that shear viscosity increases with nano ZnO addition and 

this increase is more prominent at low shear rates and low ZnO concentration. 

Also it can be seen from the figure that shear viscosity decreases substantially 

with increasing shear rate, but increases monotonically with increasing nano 

ZnO loading at a given shear rate. 
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Figure 5b.2l Variation of shear viscosity with concentration of ZnO and 
shear rates at 150 ·C 

Figure 5b.24 examines the variation of shear viscosity of HDPE 

nanocomposites with concentration of commercial ZnO at five different shear 

rates. It is clear from the figure that viscosity almost remains constant with ZnO 

loading. 
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5b.3.5.3 Effect of temperature 

Shear viscosities of pure HDPE and nanocomposite melts decreases with 

increasi ng extrusion temperature in the range of 140-160 "c, demonstrating that 

increasing temperature improves the flow behavior of the polymer melts. However, 

the effect of temperature on shear viscosity changes with the shear rate. The data 

indicate that the temperature sensitivity of shear viscosity is higher in lower shear 

rate region. and drops at higher shear rates. This phenomenon is in agreement to the 

fact that elevating shear rate always accompanied by a rapid decrease of the 

entanglement density of macromolecules and the melt viscosity.54 1be Arrhenius 

plots of J IDPE- nano ZnO composites at two different shear rates is bJjven in figure 

5b.25 (a) & (b). A good linear correlation was found in the plot of In TI. vs. 1fT, 

which has proved· the appropriateness of the Arrhenius-Eyring equation. Values of 

Ea obtained from the slopes of these plots are given in table 5b.7. The activation 

energy of a material provides valuable information on the sensitivity of the material 

towards the change in temperature. The higher the activation energy, the more 

temperature sensitive the material will be. Therefore, such infonnation is highly 

useful in selecting the processing temperature of polymeric materials. From the table 

5b.7 it can be observed that the activation energy of flow of the nanocomposites 

increases with modification at lower ami hivhf':r "hf':aT rntf':" 
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Figure 5b.25 (a) & (b) Variation of log viscosity with liT for the HOPE· nano ZoO composites 

Table 5b.7 Activation energies of HOPE· nano ZnO composites at two shear rates 

Concentration of ZnO (wt%) 

0.0 

0.03 

0.5 

1.0 
"----,--- - ---

3.0 

.' Activation 

energy (J/mol) 

O.01333/s 2.6664/s 

0.0464 0.2924 

0.0871 0.3507 

0.1165 0.5791 
._------_._- ------"------- -"----
0.2098 0.5673 
------------- --_._-------------
0.2331 0.6385 
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Sb.3.S.4 Flow behaviour index (n')

The effects of temperature and concentration of ZnO on the flow behaviour

indices of the samples have been studied in detail. The extent of pseudoplastic ity

or non-Newtonian behaviour of the materials ca n be understood from n' values.

Pseudopla stic mate rials are characterized by n' below I. Flow behaviour index

values of HDPE· nano ZnO composites at ISODC and 160 DC are given in figure

5b.26. It is clear from the figure that n' decreases with increasing concentration

of ZnO and temperature. This suggests that the system becomes more

pseudoplastic as the ZnO content and tempe rature increases . A similar trend of

decreas ing values of n' with an increase in temperature has been reported .~..s S.S6
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Figure 5b.26 Variationof flow behaviour indexof nancccrnpcsites with concentration of ZnO

Sb.J .S.S Die swell

Die swell, called Barus effec t is an important parameter for characterizing

polymer melt elasticity in an extrusion flow and is related to the quality of the

end products.

Sb.J.S.S.l Effect of shear rate and concentration of ZnO

Figure 5b.27 shows the plots of the die swell ratio, de/de for HOPE and

HOPE-ZnO nanocomposites at 150 DC at six different shear rates. The die swell

rat io increases obviously with increasing shear rate at a constant ZoO content. It is

270



noticeable that at a constant shear rate, the die swell ratio decreases slightly with a 

rise of ZnO content. Figure 5b.28 shows the variation of die swell ratio of HDPE 

nanocomposites filled with 1.0 % commercial ZnO at different shear rates. Die 

swell ratio decreases with ZnO loading, which is more at higher shear rates. 
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Sb.3.S.S.2 Effect of temperature 

Variation of die swell ratio of HOPE-nano ZnO composites at three 

different temperatures is given in figure Sb.29. It is clear from the figure that die 

swell ratio decreases with temperature and concentration of ZnO. 
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Figure 5b.29 Variations of die swell ratio of HOPE· nano ZnO 
composites with temperature 

Sb.3.S.6 Extrudate deformation studies 

The appearance of the extrudate of neat HDPE and composites with 1.0 % 

nano ZnO at six different shear rates is shown in figure Sb.30 (a) and (b) 

respectively. From the figure it is clear that the extrudate distortion tendency 

increases with the shear rate. At a low shear rate, the extrudate has a smooth 

surface; however, at a higher shear rate, the surface becomes rougher. The ZnO 

content of the nanocomposite also plays a major role in determining the surface 

characteristics. As the ZnO content increases, the surface roughness also 

increases. Several factors contribute towards surface irregularity. It has been 

conclusively shown by photographic techniquess7•s3 that a fracturing or breaking 

of the elastically deformed flowing polymer stream occurs at the entrance to the 

capillary itself at some critical shear stress. Another factor contributing towards 

extrudate distortion is the successive sticking and slipping of the polymer layer 



at the wall in the capillary.'(U;O Moreover, there may be an effect at the exit as 

well. Shear thinning behaviour of the nanocomposites is clearly visible in these 

photographs. 

Figure 5b.30 Extrudate photographs of (a) neat HOPE (left) and (b) HOPE· nano ZnO 
composites filled with 1.0 % ZnO (right) at six different shear rates (a) 0.01333/s 

(b) 0.1333/s (c) 0.66667/s (d) 1.3332/s (e) 2.6664/s If) 6.6667/s 



Ipartd 
MODIFICATION OF POLYSTYRENE USING NANO ZINC OXIDE 

Se.1 Introduction 

The development of organic-inorganic nanocomposites with improved 

properties has attracted much interest in past few years. Organic-inorganic 

nanocomposites materials have been regarded as new generation of high 

performance materials since they combine the advantages of the inorganic 

materials (rigidity, high stability) and the organic polymers (flexibility, 

dielectric, ductility and processibility). 106-1 \0 Polystyrene (PS) is a hard, rigid, 

transparent thermoplastic commodity polymer that is used in a number of 

commercial products because of its versatile properties like low cost, good 

mouldability, low moisture absorption, good dimensional stability, good 

c1ectrical insulation, colourability etc. In 200 I, PS was counted among the 

quantitatively most important thermoplastics and continues to be ranked in 

fourth place after polyethylene, polypropylene, and poly (vinyl chloride).III-113 

The main applications include packaging, extruded sheets, and consumer 

electronics. Improved mechanical properties with weight reduction, decreased 

vapour permeability, and low oxygen diffusion are the main development areas 

for packaging (foamed and foils packaging). Reduced flammability in the area of 

electronics is also required. Improvement in these properties can be achieved 

with the nanocomposite approach. There are a number of studies in which PS 

was used as nanocomposite matrix. Most of these investigations concerned 

organoclays.114-120 However, metals,121.122 metal sui fides (CdS),123 a metal 

oxide,124 nanotubes,125 Si02126 and graphite 127 are also mentioned. The common 

conclusion that can be drawn from these studies is that the polymer matrix is 

significantly affected by the presence of nanofillers. Nevertheless, depending on 

the particle dimensions, shape and chemical structure, different properties will 

arise. 



In this study PS is mixed with both nano ZnO and commercial ZnO and 

compared properties like crystallization, thennal stability, mechanical, dynamic 

mechanical and melt rheology. 

Sc.2 Experimental 

A simple melt-compounding route was adopted for the preparation of PS­

ZnO nanocomposites. The melt compounding was perfonned using Thenno 

Haake Rheocord 600 mixing chamber with a volume capacity of 69 cm3 fitted 

with a roller type rotors operating at 40 rpm for 8 min at 180°C. 

Nanocomposites at different concentrations (0.0-3.0 wt%) of ZnO were 

prepared. In all cases the torque stabilized to a constant value in this mixing 

time. 

Sc.3 Results and discussion 
Sc.3.t Differential scanning calorimetry 

PS is an amorphous polymer. Differential scanning caiorimetry (DSC) 

analysis of PS- nano Zno composites were carried out. It is of interest to point 

out that no crystalline melting endothennic peaks were observed in the DSC 

curves of PS-ZnO composites, and only a glass transition was identified for these 

composites with 0.03-3 wt% ZnO composition. The reported heat capacity 

curves are given in figure Sc.I. All DSC thennograms display single glass 

transition temperatures in the experimental temperature range. It should be 

pointed out that the single glass transitions erroneously indicate that the hybrids 

are homogeneous and the observed glass transition is attributed to polystyrene 

matrices. It can be seen that the glass transition temperature of the 

nanocbmposite is slightly shifted towards a higher temperature. It is seen that 

addition of 3.0 wt % nano Zno shifts Tg of PS towards a higher value by S qc. 
This indicates that there is a strong interaction between the polymer matrix and 

ZnO particle at the interface, and due to this, mobility of the polymer segments 

near the interface become suppressed. The interaction between the ZnO 

nanopartic1es and the chains of PS becomes so intensively strengthened that the 

main-chain motion of the polymer is greatly restricted. 128-130 
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Figure 5c.1 DSC curves for PS· nano ZnO composites 

It should be noted that the glass transition is not a true phase transition, 

since the derivative of the heat capacity can be a continuous function of 

temperature. The slope of the heat capacity curve represents, in fact, a spectrum 

of glass transition temperatures, which originate from different segmental 

motions. On the other hand, broadening of the glass transition region can be 

noticed after incorporation of the Zno nanoparticles. This implies that segmental 

motions in the matrix must be somehow altered, probably due to a change in the 

packing density of the polymer chains in the vicinity of the filler particles. At the 

same time, with respect to pure PS, no change in the segmental distribution, i.e., 

the glass transition region, was observed. On adding 1.0 wt% commercial Zno, 

T g value decreases to 102 QC from 105 DC of pure PS. It is clear that the system is 

more compatable with nano ZnO. Similar DSC results were obtained when 

spherical ZnO and ZnO whisker were used in PS matrix.49 The glass transition 

temperature of nanocomposites increased by 8 QC on adding ZnO. But they 

mixed 5-30 wt% of ZnO filler. 
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Figure 5c.2 DSC curves for PS- commercial ZnO composites 

5c.3.2 Thermogravimetry 

Thermal decomposition of polystyrene starts with the formation of free 

radicals at weak bonds (usually peroxidegroups and/or chain ends).!.\! This 

initial step is followed by chain transfer reactions of the primary free 

radicals, which propagate until the whole matrix is affected. It is obvious that 

restricted motion of the chain segments, due to the presence of nano filler, 

can prevent chain transfer reactions leading to an enhanced thermal stability 

of the material. 

The TGA and DTG thermograms of the pure PS and the PS- ZnO 

nanocomposites are presented in figure Sc.3 & Sc.4 respectively. Evidently the 

decomposition onset temperatures of PS-ZnO nanocomposites shift towards 

higher temperature compared to that of the pure PS, indicating an enhancement 

in thermal stability of PS. A possible reason for the shifting of onset temperature 

is that ZnO is an inorganic material with high thermal stability and great heat­

resistance, which can prevent heat from transmitting quickly and thus limit the 

continuous decomposition of the nanocomposites. 
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Figure 5c.4 DTB traces for PS- commercial ZnO composites 

The temperature of onset of degradation T j (0C), the temperature at which 

the rate of decomposition is 10 % [TIO% rC)], the temperature at which the rate 

of decomposition is maximum (T "laX) (QC), the temperature at which the rate of 

decomposition is 50 % [T50% (QC)], the peak degradation rate and the residue at 

800°C are given in table 5c.l. PS degrades in a single step. The degradation 

starts at a temperature of 232 QC and the peak rate of degradation is 2.713 %/min 

at corresponding (T ma,,) 369°C and in nanocomposites, T j is 251°C on adding 

3.0 wt% nano ZnO, indicating improved thermal stability of the nanocomposites. 



The T max temperature also showed an improvement in thermal stability. Residue 

at 800°c is 1.253 % for PS. On adding 3.0 wt% ZnO, residue increased to 

1.934% and the peak rate of decomposition decreased from 2.713 to 1.456 

%/min. This increase in the thermal stability of the nanocomposites may result 

from the strong interaction between the nano ZnO and PS molecules. But on 

adding commercial ZnO, themal stability of PC remains unaffected (figure 5e.5). 

Since nano ZnO has a higher specific surface area (for the same addition 

amount) than that of commercial ZOO, and so the former has a greater contact 

surface with polystyrene, thus increasing the thermal stability of the 

nanocomposite. 
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Figure Sc.S TGA traces for PS· commercial ZnO nanocomposites (lower curves with increasing 
concentration of ZnOI 

Table Sc.1 Degradation characteristics of PS·ZnO nanocomposites 

'. 
Tj'(6, 1'1.% J;tJldUe Peak rate of 

. 
'(~~: Con~enthdiori . at800 °C deeomP9Siti,oll Tse% 

: (C) (C) C" , ofZnO ,::"i%)';' (o/Jmin) , , " ,.;c,) , .0 

0 232 281 1.253 2.713 356 369 

0.03 234 297 1.467 2.398 387 398 

3.0 251 312 1.934 1.456 403 419 



Increase in thermal degradation temperature of PS- ZnO nanocomposites 

was also reported by Chen-Chi et a1.47 There is an increase of 35 "c on adding 

3.0 wt% ZnO. 

5c.3.3 Mechanical properties 
5c.3.3.1 Torque studies 

The variation of mixing torque with time of mixing at different ZnO 

loading is shown in figure 5c.6. A mixing time of 8 min was fixed since the 

torque stabilized to a constant value during this time. The temperature of the 

mixing chamber was fixed as 180 (lC. The stabilization of the torque may be 

related to the attainment of a stable structure after a good level of mixing. The 

initial torque values of PS are high because of its high melt viscosity. Initially 

torque increased with the charging of PS, but decreased with melting. After 

homogenization of PS, Zno was added at 2 min. There is a little increase in 

torque on continued mixing with ZnO. After mixing, the torque value is found to 

be steady. It is clear from figure that there is no degradation taking place during 

the mixing stage. Similar trend in torque is observed when commercial ZnO is 

mixed with PS. 
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5c.3.3.2 Tensile properties 

As one of the most widely used commodity plastic materials, PS has been 

modified to enhance mechanical properties in different ways. Tensile properties 

of PS-nano ZnO composites are summarized in table 5c.2. The simultaneous 

increase in tensile strength can obviously be attributed to a more efficient stress 

transfer mechanism between two components of hybrid composites. These 

phenomena might be a distinctive feature of nanocomposites. 

The effects of the nano ZnO on the mechanical properties are summarized 

in table 5c.2. 

Table 5c.2 Tensile properties of PS·nano ZnO composites 

C,o.~e~tl:.ti().n ,'Ten$ilt;' 'Tell~ EloJigatdon' $hb,n D'·Eite..gfTensiJe ' 
ofZnO(wt%) . strengtb modulus (%) harcJJleu" to max toughness 

....• " ". , "(MP.) .···(GPIt),' - '.. ..(.1)' . ", (J/rn) .. 

0.0 29.5 2.094 6.98 51 0.4532 238.5 
------ I------f------+ ---- ----1----. -----

0.03 32.8 2.098 6.31 55 0.5612 272.4 
- --- -- c-- - --- - -- -- - ---- -- ---- ----- - - - --

0.1 34.1 2.132 6.70 57 0.8954 389.4 
- --- -~ -- r- ----------- -- --- --- - ------

0.5 35.6 2.181 6.36 59 0.9234 419.7 
-----------1---_._--- --- ---------- ----

1.0 37.0 2.189 6.12 62 1.231 557.0 
------- - --- --- -r---- --- ----- ---r-- ----

2.0 38.2 2.196 5.68 67 1.367 666.8 
----------+-------j._---- --- -1------- ----r----

3.0 39.1 2.199 5.05 69 1.642 713.9 

The results in table 5c.2 showed an increase in the tensile modulus and 

strength of PS with an increasing concentration of nano ZnO content from 0.0 to 

3.0 wt%. From 0.0 to 1.0 wt% the change in tensile strength is about 25 % and 

modulus is about 5 %. But from 1.0 to 3.0 wt% the increase in tensile strength is 

only about 6 % and modulus is almost constant. So, for effective reinforcement 

only less than 1 % ZnO is necessary. The Shore D hardness also supports the 

reinforcement. The elongation to break is found to decrease with an increasing 

loading of ZnO. Energy to maximum and tensile toughness (energyl thickness of 

the sample) values (figure 5c.7) increases to 260 % and 199 % respectively with 



3.0 wt % filler loading. These results demonstrate that even a small fraction of 

ZnO provide effective reinforcement to the PS matrix. This is due to better 

interaction between the PS matrix and ZnO nanoparticles. As aspect ratio of ZnO 

is high, it has a large surface area available for adhesion between the polymer 

molecules and ZnO particles. This facilitates better load transfer to the 

reinforcing phase and contributes to the improved strength and modulus. On 

adding commercial ZnO, tensile strength remains constant and modulus of PS 

slightly increased. Energy to maximum and tensile toughness of PS-commercial 

ZnO nanocomposites showed slight improvement (table 5c.3). But this 

improvement is negligible when compared with the reinforcement produced by 

nano ZnO. With 3.0 wt% commercial ZnO the improvement in modulus, energy 

and tensile toughness is about 1 %, 4 % and 5 % respectively. 

So nanocomposites prepared from nano ZnO can attain superior 

performance over commercial ZnO. This high reinforcement implies a strong 

interaction between the matrix and nano ZnO interface that can be attributed to 

the nanoscale and uniform dispersion of the ZnO in the PS matrix. 
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Figure 5c.7 Variation of tensile toughness with concentration of ZnO 



Table Se.3 Tensile properties of PS· commercial lnO composites 

Concentration T~nsile Tensile Elongation ShoreD IEnergy to Tensile 
QfZnO(wt%) strength modulus (0/0) hardness max toughness 

(MPa) (GPa) (J) (J/mJ 

0.0 29.50 2.094 5.21 51 0.4532 238.5 
----------f------- ----- ------ ----- ------ f--------

0.03 29.50 2.094 5.15 55 0.4533 245.1 
----------- f------ ---~--. I--- -- -.-- ------r-.----1--------

0.1 29.56 2.098 5.13 57 0.4534 240.3 
--- ------t-----.- ----- r------ ----- ------------

0.5 29.54 2.098 5.12 57 0.4556 244.1 
- - ----- --- --._-- -----'------ f--------- ------

1.0 29.53 2.103 5.09 68 0.4623 246.9 
-- ------ --- ~--- --------- ---- t--------- ----- -

2.0 29.57 2.116 5.04 61 0.4641 247.1 
- ---.-------f------ -----

3.0 29.51 2.119 5.05 61 0.4712 248.9 

Stress-strain curves for PS and its nanocomposite is shown in figure 5c.8. 

Area under the stress-strain curve increases due to energy absorption. So it is 

clear that modification has taken place in PS matrix with ZnO loading. 
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Figure 5e.S Stress·strain curve for PS and its nanocomposites 

Sc.3.3.3 Morphology of the fractured surfaces 

The morphological structure of polymer nanocomposites is important 

because it ultimately determines many properties of the polymer 

nanocomposites. The scanning electron micrographs of the fractured surfaces of 

the tensile test specimens have been studied to acquire an insight into the 

mechanism of reinforcement. Figure 5c.9 (a) shows the fracture surface for 

urunodified PS. The fracture surface is relatively smooth and even, showing a 
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brittle fracture feature without any sign of significant plastic defonnation. From 

figure 5c.9 (b) it is clear that nano ZnO exist as dispersed particles and the 

morphology gets substantially modified. SEM images are in good agreement 

with the observed mechanical properties, which is due to shear yielding. Figure 

shows that, in different project positions of the matrices of PS-ZnO 

nanocomposites, nanoscale ZnO particles are homogeneously dispersed in the 

PS matrices. Nano ZnO leading to stress whitening is prevalent in this figure, 

indicating localized plastic deformation. 

In PS-ZnO nanocomposites shear yielding is the reinforcement mechanism. 

There is complete stress transfer from the PS matrix to nano rod having high 

aspect ratio. There is no sign of extensive particle agglomeration as compared to 

PS-commercial ZnO nanocomposite fracture surface shown in figure 5c.9 (c), 

where we can see large agglomerates and the dispersion is inhomogeneous. 

(b) 

(c) 

Figure 5c.9 Tensile fractured surfaces of (a) neat PS (b) PS·nano ZnO composites and (c) PS· 
r.nm~rri,,1 7nn ... nmnn~ito .. 



5c.3.3.4 Flexural properties 

A comparison of flexural strength and modulus of PS-ZnO nanocomposites 

using nano and commercial ZnO is shown in figure Sc.IO (a) & (b) respectively. 

With nano ZnO, the flexural modulus as well as the strength of PS increases 

considerably. For example, incorporation of nano ZnO at the level of 3.0 wt% 

modulus increases by around 12 % and strength by around 3S %. With 

commercial ZnO, the tlexural modulus and strength remains a constant. Nano 

ZnO has a unique structure, and so it is easily inserted into the matrix, increasing 

the contact area between the ZnO and matrix. Moreover, from the perspective of 

reinforcement of composite, nano ZnO will increase the flexural strength and 

tlexural modulus than commercial ZnO, because it has a higher aspect ratio. 

Chen et al.47 also reported an improvement in tlexural strength and modulus of 

PS matrix by ZnO particles. 
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Sc.J.J.S Impact st rength

Unnotcbed lzod impact strength of PS- ZnO nanocomposites using nano

and commercial ZnO is compared in figure SC.I I. With commercial ZnO, the

impact strength improvement is about 9 %, but with nano ZnO, the increase is

about 160 % on adding 3 \\1 % of ZnO. The increase in impact strength is

evidenced by the tensile toughness values given in figure Sc.7 and from the area

of the stress strain curve given in fgure SC.8. So the toughness of the

nanocomposite improved with nano ZnO addition.

Concen t ration o f ZnO(w t% )

. nano ZnO a com merc ial ZnO

FigureSe.11 Comparison 01impact strength of PS· ZnOnanocomposites using nanoand
commercialZnO
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This variation in unnotched impact strength can be attributed to two things. 

First, when small amount of nano ZnO is added there is seldom agglomerated 

particle in the matrix. As Nakagawa showed, \32 the presence of tine particles 

dispersed within the matrix make plastic deformation easier. So, during the 

fracture of a composite in which the nanoparticle is well dispersed, the stress 

will have to be bigger to start the microcrack on a nanoparticle, and the impact 

energy will largely be absorbed by the exhibited plastic deformation, which 

occurs more easily around the nanoparticles. Hence, the good nano-ZnO 

dispersion reSUlting from no agglomeration led to a better impact strength of the 

nanocomposites. However, when commercial ZnO is introduced into the PS 

matrix, the nanoparticles do not retain their uniform dispersion, it is dispersed in 

the fonn of large agglomerates in the PS matrix, and these will become the site 

of stress concentration and act to initiate microcracks. 13J So, a large aggregate is 

a weak point that lowers the stress required for the composite to fracture and 

thus the impact strength of nanocomposites would be decreased or sometimes 

remains constant. 

5c.3.4 Dynamic mechanical analysis (DMA) 

The DMA results for the dynamic storage modulus of the PS-ZnO 

nanocomposite samples as a function of temperature at 1 Hz are shown in figure 

5c.12. Following a slow decrease of the modulii with temperature in the glassy 

state, a rapid decrease in modulii is observed corresponding to the glass-rubber 

transition at about 105°C. The storage modulii of the nanocomposite samples 

below glass transition increases substantially with the nano ZnO concentration 

(about 20 % increase with I wt% and about 40 % increase with 3 wt% nano 

ZnOs) due to the stiffening effect of ZnO, and indicating efficient stress transfer 

between the PS matrix and ZnOs. But with commercial Zno, the storage 

modulus decreases, (about 20 % with 1 wt% ZnO). The storage modulus of 

nanocomposites at 35 "c, 50°C & 100°C is given in table 5cA. 
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Figure 5c.12 Storage modulus of PS- ZnO nanocomposites 

Table 5c.4 Storage modulus of PS· ZnO nanocomposites at 35 'C, 50'C & 100 'C 
., . 

Storage StoJ:'age Storage 
Sample modulus at modulus at modulus a't 

35°C (MPa) so,·c (MPa) lOO~C (lWta) ... 

PS alone 1545 1456 407 
----- ---------_._-- ._- ------

PS/0.03 wt% nano ZnO 1551 1466 529 
----- ------------.--- ---- ---.-

PSJ1.0 Wt%nano ZnO 1845 1695 854 
-- ------- --------- ------ !--- - ----

PS/3.0 wt% nano ZnO 2154 2063 589 
----- ------ -- -- ----

PSJO.03 wt% commercial ZnO 1430 1329 541 
--- ---- - 1---- ---- -----
PS/l.O wt% commercial ZnO 1211 1080 476 

-

The DMA results for the loss modulus of the PS-ZnO nanocomposite 

samples as a function of temperature at 1 Hz are shown in figure 5e.l3. 

Modifying with ZnO, loss modulus value decreases. This decrease in loss 

modulus value is more observed for PS-nano ZnO composites than that of PS­

commercial ZnO composites. 
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Figure Se.13 loss modulus of PS- ZnO nanocomposites 

Figure 5c.14 shows tan cS versus temperature plots for PS-ZnO 

nanocomposites. From the tan delta peak it is clear that some compatibility is 

achieved as a result of mixing PS with nano ZnO which is evident from peak 

broadening. PS-ZnO nanocomposite is prepared with increasing stitIness. From 

the tan 0 peak it is clear that with nano Zno, only a slight increase in glass 

transition temperature is observed, but it decreases by around 5 QC with 

commercial ZnO loading. Tg, loss modulus and tan 0 values of PS-ZnO 

nanocomposite are given in table 5c.S. 
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Table 5c.5 T9, loss modulus and tan 8 values of PS· ZnD nanocomposite samples 

Sample 

PS alone 

PS/O.03 wt% nano ZnO 

Loss modulus 
(MP:') 

388 

252 

I'll DC (from 
t_ano peak) 

110.1 

110.2 

Peak values of_ 
tan 0 atT .. 

2.93 

1.86 
. --- --'-----_ .. - - - ---- - -- - - --"- --- --- ---_.---_.' -- .. ------., ------

PSlIwt%nanoZnO 231 110.5 1.74 
--- - - --- I- .- - .- ---- -- - - --- ---__ 

PS/3 wt% nano ZnO 173 110.1 0.94 

PS/O.03 wt% commercial ZnO 340 105.8 2.27 

PSI 1_0 wt % commercial LnO 355 105.2 2.16 

We note the modulus, E' = (loss modulus 2 + storage modulus 2) \'0 for the neat 

PS is numerically consistent with the tensile modulus reported by the Dow Chemical 

Co. PS chains are severely entangled and the function of nanoparticles as physical 

anchorage points is relatively insignificant. The mobility of molecular chain 

segments is largely determined by entangling conditions. Therefore, Tg of PS does 

not have a clear variation by introduction of the nano ZnO particles. The Tg of PS­

nano ZnO composites slightly increases with ZnO content, because ZnO nanorods 

having larger aspect ratio can restrict the segmental motion of PS molecules and 

reduce the free volume of polymer chain folding. But in the case of commercial ZnO 

nanocomposites due to the coarse nature of ZnO, Tg value decreases. So we can 

conclude that nano ZnO serves as a nano-filler leading to the increase in Tg and 

storage modulus; on the other hand, commercial ZnO is a plasticizer leading to the 

d . T d d I 1\4·135 ecrease In g an mo u us.' . 

Correlation of impact and dynamical properties In terms of tan 0 peak 

values of the nanocomposites has been done. The variation of the impact 

strength as a function of the total loss tangent peak values for PS- nano ZnO 

composites and PS· commercial ZnO composites is shown in figure 5c.15 (a) & 

(b) respectively. The curves show a non-linear shape. 
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Figure 5e. t 5 Variation of the impact strength of PS· ZnO nanocomposites as a function of the 
total loss tangent peak on using (a) nano ZnO (h) commercial ZnO 

Sc.3.S Melt rheology 

The rheological behaviour of PS- ZnO nanocomposites is studied at three 

different temperatures 170, 180 & 190 "C. Effect of shear stress, filler loading 

and temperature on rheological behaviour is investigated. 



Sc.3.S.1 Effect of shear stress on shear viscosity 

Figure Sc.16 present the shear viscosity vs. shear stress curves of PS~ 

ZnO nanocomposites at 180 °e with an increasing ZnO concentration from 

0.0-3.0 wt%. We also examined the flow behaviour of PS nanocomposites 

filled with 1.0% commercial ZnO. As shear stress increases, the viscosity of 

PS-ZnO composites decreases in all cases, indicating the pseudoplastic flow 

behaviour. At zero shear, the molecules are randomly oriented and highly 

entangled and therefore exhibit high viscosity. Under the application of 

shearing force, the polymer chains orient, resulting in the reduction of shear 

viscosity and thus exhibit shear thinning (pseudoplastic behaviour). It is just 

this pseudoplasticity that makes the nanocomposites to be easily melt­

processed. Effect of temperature on shear viscosity of PS nanocomposites 

filled with 1.0 % nano ZnO 1S given in figure Sc.I7. With a rise of 

temperature from 180 to 190 °e the value of shear viscosity decreases, 

especially at relati veJy lower apparent shear stress. The melt viscosity 

increases when the temperature decreases to 170 "e. 
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figure 5c.16 Effect of shear stress on shear viscosity of PS· ZnO nanocomposites 
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5c.3.5.2 Effect of filler loading 

Since entanglements of polymer chains and arrangement of ZnO are not 

pennanent and altered by t10w and relaxation processes, any disturbance of this 

steady state, such as shear, will disrupt the structure of the polymer matrix. 

Figure Sc.I8 shows the variation of shear viscosity with increasing concentration 

of nano 2nO from 0.0-3.0 wt% at six different shear rates. It is clear from the 

figure that shear viscosity increases with nano ZnO addition and this increase is 

more prominent at low shear rates and low ZnO concentration. At higher shear 

rate shear viscosity maintains the same value with increasing concentration of 

ZnO. Also it can be seen from the figure that shear viscosity decreases 

substantially with increasing shear rate, but increases mono~onically with 

increasing nano ZnO loading at a given shear rate. 
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Figure 5c.19 examInes the variation of shear viscosity of PS 

nanocomposites with concentration of commercial ZnO at six different shear 

rates. At lower shear rates shear viscosity increases with concentration of ZnO. 

But at higher shear rates shear viscosity almost remains constant. 
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5c.3.5.3 Effect of temperature 

Shear viscosities of pure PS and nanocomposite melts decreases with 

increasing extrusion temperature in the range of 170-190 °e, demonstrating that 

increasing temperature improves the flow behaviour of the polymer melts. However, 

the effect of temperature on shear viscosity changes with the shear rate. The data 

indicate that the temperature sensitiyjty of shear viscosity is higher in lower shear 

rate region, and drops at higher shear rates. 111is phenomenon is in agreement to the 

fact that elevating shear rate always accompanied by a rapid decrease of the 

entanglement density of macromolecules and the melt viscosity. The Arrhenius plot 

of PS-nano ZnO composites at two different shear rates is b>1ven in figure Sc.20 (a) 

& (b). A good linear correlation was found in the plot of In 11. vs. If[, which has 

proved the appropriateness of the Arrhenius-Eyring equation. Values of Ea obtained 

from the slopes of these plots are given in table Sc.7. The activation energy of a 

material proyjdes valuable information on the sensitiyjty of the material towards the 

change in temperature. The higher the activation enerb')', the more temperature 

sensitive the material will be. Therefore, such information is highly useful in 

selecting the processing temperature of polymeric materials. 

From the table Sc.7 it can be observed that the activation energy offlow of 

the nanocomposites decreases with modification at lower shear rates. But 

activation energy increases with modification at higher shear rates. 
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Figure 5c.20 (a) & (b) Variation of log viscosity with 1fT for the PS· nano ZnO composites 

Table 5c.7 Activation energies of PS· nano ZnO composites at two shear rates 
" 

Concentration of ZoO 
(wt%) 

0.0 

0.03 

0.5 

1.0 

3.0 

5c.3.5.4 Flow behaviour index (n') 

Activation 
energy (J/mol) 

O.1333/s 

0.0409 

0.0162 

0.0055 

0.0281 

0.0368 

._, 

1.3332/s 

0.0294 

0.0563 

0.1054 

0.1476 
----

0.1472 

The effects of temperature and concentration of ZnO on the flow behaviour 

indices of the samples have been studied in detail. The extent of pseudoplasticity 

or non-Newtonian behaviour of the materials can be understood from n' values. 

Pseudoplastic materials are characterized by n' below I. Flow behaviour index 

values of PS- nano ZnO composites at 180 QC and 190 "c are given in fi,gure 

Sc.21. It is clear from the figure that n' decreases with increasing concentration 

of ZnO and temperature. This suggests that the system becomes more 

pseudoplastic as the ZnO content and temperature increases. 
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Sc.J.S.S Die swell

Die swell, called Barus effect is an important parameter for characterizing

polymer melt elasticity in an extrusion flow and is related to the quality of the

end products.

Sc.J.S.S.l Effect ofs hear ra te and concentration oCZnQ

Figure 5e.22 shows the plots of the die swell ratio, de/de for PS and PS­

ZnO nanocomposites at 180 °C at five different shear rates. The die swell

ratio increases obviously with increasing shear rate at a constant ZnO

content. It is noticeable that at a constant shear rate, the die swell ratio

decreases slightly with a rise of ZnO content. Figure 5c.23 shows the

variation of die swell ratio of PS nanoeomposites filled with 1.0 %

commercial ZnO at different shear rates. Die swell ratio decreases with ZoO

loading and increases with shear rates.
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Figure 5c.23 Variation of die swell ratio of PS· commercial ZnO composites with concentration 
of ZnO at different shear rates 

Sc.3.S.S.2 Effect of temperature 

Variation of die swell ratio of PS- nano ZnO composites at 3 different 

temperatures is given in figure Sc.24. It is clear from the figure that die swell 

ratio decreases with temperature and concentration of ZnO. 
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5c.3.S.6 Extrudate deformation studies 

The appearance of the extrudate of neat PS and nanocomposites with 1.0 % 

ZnO at six different shear rates is shown in figure 5c.25 (a) and (b) respectively. 

From the figure it is clear that the extrudate distortion tendency increases with 

the shear rate. At a low shear rate, the extrudate has a smooth surface; however, 

at a higher shear rate, the surface becomes rougher. The ZnO content of the 

nanocomposite also plays a major role in determining the surface characteristics. 

As the ZnO content increases, the surface roughness also increases. Several 

factors contribute towards surface irregularity. It has been conclusively shown 

by photographic techniques that a fracturing or breaking of the elastically 

deformed flowing polymer stream occurs at the entrance to the capillary itself at 

some critical shear stress. Another factor contributing towards extrudate 

distortion is the successive sticking and slipping of the polymer layer at the wall 

in the capillary. Moreover, there may be an effect at the exit as well. Shear 

thinning behaviour of the nanocomposites is clearly visible in these photographs. 



Figure 5c.25 Extrudate photographs of (a) neat PS (left) and (b) PS· nano ZnO composites 
filled with 1 % ZnO (right) at six different shear rates (a) 0.01333/s (b) 0.1333/s 

(c) 0.66667/s (d)1.3332/s (e) 2.6664/s 1fl6.6667/s 

SeA Conclusions 

The study showed that nano ZnO is a good modifier for commodity 

thermoplastics like PP, HDPE and PS. Nanocomposites have been prepared 

through a simple melt compounding route. Melt compounded nano ZnOs have 

been shown to act as effective nucleating agents for PP and HOPE 

crystallization. The nano ZnOs at a concentration as low as 300 ppm enhanced 

the crystallization temperature during melt cooling by 5 °C in PP matrix and 6 °C 

in HOPE matrix, and reduced melt's isothermal crystaIlization time by more 

than 50 % in PP matrix and HOPE matrix. No crystalline melting endothermic 

peaks were observed in the DSC curves of PS- ZnO composites. A comparison 

of the nucleation ability of nano ZnO with commercial ZnO also revealed that 

nano ZnOs are potentially very attractive candidate as nucleating agents. 

Thermogravimetric analysis showed improved thermal stability for nano ZnO 

composites than their counterparts. The improved mechanical properties (tensile, 

flexural and impact) of the nano ZnO composites revealed that a small 

concentration of nano ZnO could substantially reinforce all the three matrices. 

Scanning electron microscope studies revealed that the reinforcement 

mechanism of Dano ZnO is shear yielding in pp and PS matrix and in HOPE 



matrix, mechanism is shape transition of ZnO nanopartic1e from rod to spherical. 

The dynamic mechanical analysis indicated an improvement in storage and loss 

modulus of nano ZnO composites than commercial ZnO composites. The 

rheological characteristics revealed that shear viscosity of the nano ZnO 

composites increased with concentration of nano ZnO and decreased with 

increasing shear stress. Melt flow index value and die swell ratio decreased with 

nano ZnO concentration indicating pseudoplastic behaviour of the flow. 

Activation energies of the pp nanocomposites increased with modification at 

lower shear rates. In HDPE nanocomposites, activation energy increased at both 

lower and higher shear rates, whereas in PS nanocomposites it increased at 

higher shear rates. Apparently, nano ZnO is a good modifier compared to 

commercial ZnO for commodity thermoplastics. 
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Abstract 

The nwjor.findillgs (!t'the stll(ZV are summarized in this chapter. 



Otltpte1"-6 

Nanocomposites are multiphase materials where at least one of the 

constituent phases has one dimension less than 100 nm. The promise of 

nanocomposites lies in their multi functionality and the possibility of realizing 

unique combinations of properties unachievable with traditional materials forever. 

The challenges in reaching this promise are tremendous. They include control over 

the distribution in size and dispersion of the nanosize constituents, tailoring and 

understanding the role of interfaces between structurally or chemically dissimilar 

phases on bulk properties. Large scale and controlled processing of many 

nanomaterials is yet to be realised. 

In the present investigation, ZnO in nanoparticle size was prepared by matrix 

mediated process. This nano ZnO was used to modify the processability and 

mechanical properties of thermoplastics. Three engineering thermoplastics, viz. 

polyethylene terephthalate (PET), polyamide 6 (PA 6) and polycarbonate (PC) and 

three commodity plastics, viz. polypropylene (PP), high density polyethylene 

(HDPE) and polystyrene (PS) were selected for the study. The processability and 

properties were compared with those containing commercial ZnO. 

Nano lnO was prepared from ZnCI2 and NaOH in chitosan medium by in 

situ deposition technique. Transmission electron microscopy and scanning electron 

microscopy revealed that mode of preparation has a specific role in the size and 

shape of zinc oxide particles. The particle size is smaller than that of commercial 

ZnO and is rod shaped with a large aspect ratio. Further the particles are found to 

be of high purity by thermogravimetric analysis and differential scanning 

calorimetry. ZnO nanoparticles have a very strong photoluminescence (PL) band 

at ultraviolet wavelength range. This method has many advantages, such as 

simplicity, low cost, high input, high purity, high yield and little pollution in 

addition to its fineness. 

As the next part of the study, nanocomposites of PET, PA 6 and PC were 

prepared with varying concentration of ZnO (0.0-3.0 wt%) and the crystallization, 

mechanical, dynamic mechanical and rheological properties of the composites 

were evaluated. Nanocomnosites were nrpn~rprl hv thp t"YIplt_(,f"\TYl',..."'nrl;n~ r~ .. '~ ;~ 



a torque rheometer. Nano ZnO was found to be an effective nucleating agent for 

the PET and PA 6 crystallization. The nano ZnOs at a concentration as low as 300 

ppm enhanced the crystallization temperature during melt cooling by 32 (lC in PET 

and lO QC in PA 6 polymer, and reduced melt's isothermal crystallization time by 

more than 50 % in PET and 20 % in PA 6 matrix. No crystalline melting 

endothermic peaks were observed in the DSC curves of PC- ZnO composites. A 

comparison of the nucleation ability of nano ZnO with commercial ZnO revealed 

that nano ZnOs are made superior nucleating agents. Nano ZnO composites also 

show improved thennal stability than their counterparts. 

On incorporating 1.0 % nano ZnO into PET, tensile strength and modulus 

improved by 15 % and 13 % respectively. Incorporation of nano ZnO at the level 

of 3.0 wt%, flexural modulus increased by around 286 %, flexural stren!,>th by 

around 20 % and impact strength by around 160 %. The improvement in 

mechanical properties for PA 6 nanocomposites was even more significant. There 

was about 38 % increase in both tensile strength and modulus. Flexural modulus 

increased by five times the value of pure PA 6, while flexural strength increased 

by around 17 % and impact strength by around 53 % on adding 3.0 wt% of nano 

ZnO. The tensile strenk,>th increased by about 15 % and modulus by about 9 % and 

t1exural modulus and strength increased by 5 % on adding 3.0 wt% of nano ZnO 

to Pc. Impact strength of PC was found to decrease with nano ZnO addition. The 

reinforcement by nano ZnO is far superior to the reinforcement produced by 

commercial ZnO in all the three matrices. 

The dynamic mechanical analysis indicated an improvement in storage and 

loss modulus of nano ZnO composites than commercial ZnO composites. The 

rheological characteristics revealed that shear viscosity of the nano ZnO 

composites increased with concentration of nano ZnO and decreased with 

increasing shear stress. Melt flow index value and die swell ratio decreased with 

nano ZnO concentration indicating pseudoplastic behaviour. Activation energies 

of the nanocomposites increased with modification at lower shear rates. 



Apparently, nano ZnO is a good modifier compared to commercial ZnO for 

engineering thermoplastics. 

In the last part of the work, commodity thermoplastics based nanocomposites 

were prepared with nano ZnO. Nano ZnO was found to be an effective nucleating 

agent for pp and HDPE crystallization. The nano ZnOs at a concentration as low 

as 300 ppm enhanced the crystallization temperature during melt cooling by 5 QC 

in pp matrix and 6 °C in HDPE matrix, and reduced melt's isothermal 

crystallization time by more than 50 % in pp matrix and HDPE matrix. No 

crystalline melting endothermic peaks were observed in the DSC curves of PS­

ZnO composites. A comparison of the nucleation ability of nano ZnO with 

commercial ZnO revealed that nano ZnOs are efficient nucleating agents for 

commodity plastics also. ThemlOgravimetric analysis showed improved thermal 

stability for nano ZnO composites than their counterparts. 

Reinforcement of commodity thermoplastics by ZnO nanoparticles was 

si&1J)ificant compared to commercial lnO. It revealed that a small concentration of 

nano ZnO could considerably reinforce polymers. For example, ZnO at a level of 

0.03 wt% increased the tensile strength of pp and HDPE by about 5 % and 

modulus by over 10 %. In PS nanocomposites the improvement in tensile strength 

and modulus was about 25 % and 5 % respectively on adding 1.0 wt% nano ZnO. 

The flexural stren&>th and modulus of PP nanocomposites improved by about 18 % 

and 7 % respectively and in HDPE nanocomposites, flexural stren&>th and modulus 

was increased by about 8 % and 1 % respectively at a level of 0.03 wt% lnO. In 

PS nanocomposites, flexural strength and modulus increased by 5 % and 3 % 

respectively at a level of 0.03 wt% lnO. There was about 65 %, 5 % and 21 % 

increase in impact stren&>th of PP, HDPE and PS nanocomposites respectively at a 

level of 0.03 wt% nano ZnO. 

The dynamic mechanical analysis indicated an improvement in storage and 

loss modulus of nano ZnO composites than commercial ZnO composites. The 

rheological characteristics revealed that shear viscosity of the nano ZnO 

composites increased with concentration of nano ZnO, but decrp':;l~pr1 ",;.l-. 



Summary ana Concluswn 

increasing shear stress. Melt flow index value and die swell ratio decreased with 

nano ZnO concentration indicating pseudopJastic behaviour of the flow. 

Activation energies of the pp nanocomposites increased with modification at 

lower shear rates. In HOPE nanocomposites, activation energy increased at both 

lower and higher shear rates, whereas in PS nanocomposites it increased at higher 

shear rates. So, nano ZnO is a good modifier compared to commercial ZnO for 

commodity thermoplastics. 

To conclude, nano zinc oxide particles prepared by in situ deposition 

technique in chitosan solution is a promising material for modification of 

engineering as well as commodity plastics. 
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EDX 
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PBT 
PC 
PET 
PM MA 
PNCs 
PP 
PS 
SEM 
TEM 
TGA 
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XRD 

YII' 
% 
le 
Tw 

atm 
de 
de 
e_g. 
Ea 
r,p" 

List of abbreviations and symbols 

American standards and testing methods manual 
Carbon nanotubes 
Chemical vapour deposition 
Dynamic mechanical analysis 
Differential scanning calorimetry 
Differential thermogravimety 
Elongation at break 
Energy dispersive X-ray sper:trometer 
Fourier transform infrared 
High density polyethylene 
Heat distortion temperature 
Inductively coupled plasma -Atomic emission sper:trometer 
Metal organic decomposition 
Polyamide 6 
Polyacrylonitrile 
Polybutylene terephthalate 
Polycarbonate 
Polyethylene terephthalate 
Polymethyl methacrylate 
Polymer nanocomposites 
Polypropylene 
Polystyrene 
Scanning electron microscope 
Transmission electron microscopv 
Thermo gravimetric analysis 
Thermoplastics 
Thermosets 
Universal testing machine 
X-ray Diffraction 

Shear strain 

Percentage 
Wave length 
Shear stress 
Atmosphere 
Diameter of the capillary 
Diameter of the extrudate 
Example 
Activation energy 
r,in~ n~<::('I~1 



J Joules 
m Meter 
min Minutes 
mol Mole 
MPa Mega Pascal 
n' Flow behaviour index 
NaOH Sodium hydroxide 
nm Nanometer 
T Time 
TlO% Temperature at 10% decomposition 
T50')l Temperature at 50% decomposition 
tan 8 loss factor 
T. Crystallization temperature 
Temp. Temperature 
Tg Glass transition temperature 
Ti Temperature of onset of degradation 
Tm Melting temperature 
T ma, Peak temperature 
ZnlOHb Zinc hydroxide 
ZnCb Zinc chloride 
ZnO Zinc oxide 
L1Hc Enthalpy of crystallization 
L1Hm Enthalpy of melting 
L1T Degree of supercooling 
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