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PREFACE

Nano zinc oxide is a multifunctional 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 Juminous transmittance, high
catalysis activity, intensive ultraviolet and irifrared absorption. The addition of
nano scale 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 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 thermoplastics to impart several properties to the matrix

polymer.

It has been undertaken to explore the potential ‘of mano 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 1 presents a concise introduction and literature survey of nanocomposites,
nanomaterials and ZnO based nanocomposites. The scope and objectives of the

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 polyethylene terephthalate-ZnQO
nanocomposites. Part b comprises the preparation and characterization of
polyamide 6—ZnO nanocomposites and part ¢ 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

of properties with commercial ZnO is also presented.

Chapter S 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—ZnQ nanocomposites.
Part b comprises the preparation and characterization of high density
polyethylene—ZnO nanocomposites and part ¢ includes the preparation and
characterization of polystyrene—ZnQO 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 ctc. Man
introduced polymers successfully in many areas to simplitfy 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 tech 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.' 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.” 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 strength,
less thermal coefficients, resistance to shock loads, resistance to thermal or
chemical degradation etc. Fillers have important roles in modifying properties of
various polymers. Minera! fillers, metals and fibres have been added to
thermoplastics (TP) and thermosets (TS) for decades to form 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 reinforcement
and the so called continuous phase is referred to as the matrix.>*® 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.
1.1.1 Classification of composites
Composites can be classified in ditferent ways-

¢ Depending on the size of the constituents-

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

o Manmade composites- for e.g., glass reinforced fibre
e Depending on the matrix system-

o Polymer matrix composites (PMC)
o Ceramic matrix composites (CMC)
o Metal matrix composites (MMC)

o Rubber matrix composttes {RMC)
¢ Depending on structural components-

a  Fibrous composites (composed of fibrous filler in matrix)

s Laminar composites (composed of layers of materials)

o Particulate composites (composed of particulate fillers in matrix)

o Skeletal composites (composed of continuous skeletal matrix filled

by a second matrix)

Another classification of particulate composites is based on the particle size
of the dispersed phase. More recently, with advances in synthetic 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 areca 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 technology, based on the recently
developed ability to measure, manipulate and organize matter on the nanoscale -1
to 100 billionths of a meter.” 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 fundamentat



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 §, 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 in computing offers an
advantage over desktop PCs. Recent progress in this field includes the
development of DNA computing algorithms to solve mathematical

challenges.

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° m)

Recently, nanoprticles have attracted a great deal of attention in both
fundamental and industry studies.”® 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 meter

or 10° m).*"

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 tummed into hi tech materials featuring much improved
properties.'*'® 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.'”"® Numerous commercial applications are now
emerging including structural materials, packaging, medical and biomedical

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

19-23

properties that are superior to conventional micro scale composites and can

be synthesized using surprisingly simple and inexpensive technique.

A nanoscale dispersion of sheet like inorganic silicate particles in a
polymer matrix is superior in properties such as optical clarity, strength,
stiffness, thermal stability, reduced permeability and flame retardance.”**® 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.””" Properties, which have been shown to

undergo substantial improvements, include:



e Improvements in physical and mechanical properties such as strength
and modulus

‘e Thermal stability

o Decreased permeability to liquids and gases

¢ Beneficial flame retardancy with reduced smoke emisstons

o Electrical conductivity

¢ Chemical resistance

e  Optical clarity

e Aesthetic improvements.

Tensile strength, tensile modulus and heat distortion temperature (HDT)
characteristics are improved with the use of nanotechnology.’ I 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 nanofiller 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. al.).”* 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 nanocemposites

Nylon 6 llanocf)::;)st:;ft(f (5 %)
Tensile strength (MPa) 82 101
Tensile modulus (MPa) 2756 4657
Flexural modulus (MPa) 2431 3780
HDT, °C 57 96

Source: Southern Clay Products, 2005



In addition to the observed improvements in performance, a lower loading
level of nano filler is required.’>*’ Polymer based nanocomposites are also being
developed for electronic application such as thin film capacitors in integrated
circuits and solid polymer electrolytes for batteries. It is a field of broad

scientific interest with impressive technological promise.***!

The gaseous barrier property improvement that can result from incorporation
of relatively small quantities of nano fillers is shown to be substantial.*** The
presence of filler incorporation at nano levels has also shown to have significant
effects on the transparency and haze characteristics of films. Thermoplastic based
composites; with nano filler has shown modification 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.***” Polymeric materials offer many advantages for space
applications including ease of processing and reduced payload-to-orbit costs derived

g L o 4850
from a reduction in weight.

Studies show that “Nylon-6 nanocomposites can achieve an OTR (oxygen
transmission rate) almost four times lower than unfilled nylon-6" (Brody, 2003,
p53).%' In the case of Honeywell Aegis™ OX, the nanoclay layers act as a trap to
retain the active oxygen scavengers in the polymer while reducing OTR 100-fold

(Leaversuch, 2001) ¥ (figure 1.1).

Oxygen Transmission of Nylon

Nanocomposite

g @ Active-Passive
2 Nylon 6
é 1.5 Nanocomposite
= M Nylon 6
E 1 Nanocomposite
L¥]
4 0.5
& 0 Unfilled Nylon 6

0

tSource: Plastics Technology. 2001)

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

componen’[s.53

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.
Three types of nanocomposites can be distinguished, 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 nanoparticies obtained by in situ sol-gel methods™ or by
polymerization promoted directly from their surface.”> 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 nanotubes™® or cellulose whiskers.””® F inally, 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 of microns.*”*

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:
¢ Insitu polymerization

¢ Sol-gel process



e In situ intercalative polymerization
e Solution polymerization
¢ Emulsion polymerization
e  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.®'
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. Alternatively, 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 process®™®*

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 matenials 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 SiO,

and or /TiO, 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

permits the structural variation without compositional alteration.
The process includes two approaches:
a Hydrolysis of metal oxides

b Followed by the polycondensation of hydrolysed intermediates.

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 1n situ intercalative polymerizaion

This method® 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 laboratories sparked a large interest in PA 6
based silicate nanocomposites. Their papers describe PA 6 nanocomposites made by
an in situ polymerization process with superior strength, modulus, heat distortion

temperature, and water and gas barrier properties with respect to pure PA 6.5

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 silicates 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 subscquent 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 atfractive 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.””!

1.3.3.5 Emulsion polymerization

The emulsion polymerization is recently introduced technique for
nanocomposite synthesis.” 7 The disadvantage of intercalation process is the lack of
affinity between hydrophilic silicate mterlayer and hydrophobic polymer and they
can be applied only to pretreated silicate layer swellable with organic ions by ion

. . . . . ~ 76-78
exchange between organic onium ions salt and interlayer cation of clay.



Emulsion polymerization is a heterogeneous reaction system. In this
process, reacting monomer is dispersed in a water phase and potymerized with a
water soluble radical initiator in presence of Na’ montmorillonite. E.g.,
nanocomposites of PMMA/clay can be obtained by adding MMA monomer in
continuous water phase with the aid of sodium lauryl sulfate and polymerized
with potassium per sulphate in presence of Na+ 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.”

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 interlayer 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 because®*!

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.®*



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.* Nanocomposites of nylon 6 —clay 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

use of polymer-clay nanocomposites.*> %

Nanocomposites find applications in the following areas:

e For interior and exterior body parts resulting from improved

dimensional stability

¢ In barrier packaging to reduce permeability of oxygen and other gascs

and liquids
e  For use in multi layer PET (polyethylene terephthalate) boitles
e Tyre cords for radial wires
¢  Food grade drinking containers
¢  Electric component
e  Sensors
¢  Sensitive areas like high corrosive environment, artificial bio implants etc.

Polymer-ceramic composites have been of great interest” 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;O, nanocomposites
has been studied in detail. Table 1.2 lists recent polymecric-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

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

= Enhance barrier properties and permeability property of base material

»  Possess excellent flame retardant and oxidative properties

= Possess excellent optical properties

»  Excellent corrosion resistance etc.

such as transparency, high gloss

Table 1.2 Recent polymeric-based nanocomposite systems prepared via the sol~gel technique,

in situ intercalative polymerizatio

n and in situ polymerization®'

- Systems

Uses

Sol—gel technique
Polycaprolactone (PCL)/silica (TEOS)

Bone-bioerodible polymer
composites for skeletal tissue repair

Polyimide/silica (TEOS)
PMM A/silica

Polyethylacrylate(PEA)/silica }

Polyethyleneoxide (PEQ)/silica (TEOS)

Poly(p-phenylene vinylene)(PI;\}jiéiIica
(TMOS)

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

Poly(amide—imide)/TiO, composite
membranes

Polycarbonate/silica (TEOS)

(as-separation applications

Abrassion-resistant coating

In situ intercalative polymerization

PCL/Cr *+ fluorohectorite and
montmorillonite

Epoxy/organo-modified
montmorillonite

Biodegradable/biocompatible
materials, packaging (enhanced
barmer-properties)

Improved propertics (acronautics, ...)




Systenis

Polyimide/organo-modified
montmorillonite

Materials for microelectronics with
reduced thermal expansion
coefficient and moisture absorption

Polystyrene/organo-modified

montmorillonite Improved properties
Copolymer Rubber with enhanced barrier
butadiene/acrylonitrile/organo-modified properties (H;, H,0)
montmorillonite
- iPP/organo clay ) Improved pr;;penies
Starch/organo-modified Enhanced barrier properties
montmorillonite
Improvement of structural,
Nylon/organo-modified mechanical, thermal and barrier
montmorillonite characteristics without significant

loss in clarity or strength

Materials for microelectronics with
reduced thermal expansion

Polyimide/AIN coefficient and moisture absorption
PET/SiC Improved properties
PMMA/CaCO; Biocompatible materials and optical

devices

Polystyrene—polyvinylbenzene/Fe, 0,

Optical transparency and
superparamagnetism (colour
imaging and printing)

1.3.6 Nanocomposite structure

Depending on the strength of interfacial interactions between the polymer

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

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 penetrate 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).

Pokyrmes L

Clay layers

Figure 1.2 Nanocomposite structure
1.4 Nanomaterials

Nanomaterials have generated tremendous interest because they present
an opportunity to deliver unprecedented material performance.”””® This
opportunity is based on the unique properties (e.g., magnetic, optical.
mechanical, electronic) that vary continuously or abruptly with changes in the
size of the material at the nanoscale (1 to100 nanometers). These step-like
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, CdSe, ZnS etc.), metal and semiconductor oxide (Fe,Os;, Al,Os, SiOx,
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-lenses 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 10™ 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 nanoparticles 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.



Figure 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 orders of magnitude larger than
a nanoscale particle. DNA molecules are 2.5 nm wide, 10 hydrogen atoms span

Inm. Table 1.3 lists relative dimensions of objects in the nanoscale.

Table 1.3 Relative dimensions of objects in the nanoscale

Object ;  Relative dimensions ( nm)
Hydrogen atom (figure 1.5) 0.1
Typical bond between two atoms 0.15
Water molecule 0.3
Cgo Fullerene 1
6 bonded Carbon atoms 1
Helix of DNA ( figure 1.6) 25
Quantum dots of CdSe 8
Cell membranes
Dendrimers 10
Virus 100
Red Blood Cell ( figure 1.7) 7,000
Human hair 80,000
Dust mite 200,000
Head of pin 1,000,000
Human height 2,000,000,000




Figure 1.6 DNA molecules

Figure 1.7 Biological cells are
thousands of nanometers

1.4.3 Properties of nanomaterials

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 multiwalled 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 organic material, as well as engineered






Figure 1.9 lllustration of some possible structures of carbon nanotubes, depending on how
graphite sheets are rolled: (a) armchair structure; (b) zigzag structure; (c) chiral structure

1.4.4 Classification of nanomaterials

Nanomaterial serve as a bridge between the molecular and condensed
phase.””” The thousands of substances that are solids under normal 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 materials. All
of these solid substances, with their widely variable properties take on another

subset of new properties when produced in nanoparticle form.

The classification of nanomaterials is the following:”

Cluster A collection of units of upto about 50 units.

Colloid A stable liquid phase containing particles in the 1-1000 nm range

Nanoparticle A solid particle in the 1-1000 nm range that could be

noncrystalline, an aggregate of crystallites or a single crystallite.

Nanocrystal A solid particle that is single crystal in the nanometer size range.



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.'”'® 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.'*'"’

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 1.11),'” 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.



“THese are chemical processes " to materials based on transformations in
solution such as sol-gel processing, hydro or solvo thermal synthesis, metal
organic decomposition (MOD), or in the vapour phase chemical vapour
deposition (CVD). Most chemical routes rely on the availability of appropriate
“metal-organic” molecules as precursors. Among the various precursors of metal
oxides, namely metal B-diketonates and metal carboxylates, metal alkoxides are
the most versatile. They are available for nearly all elements and cost-effective

synthesis from cheap feedstock has been developed for some.'"!
1.4.5.2 How to control the construction and growth of the nanoparticles

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 physical
restriction of the volume available for the growth of the individual nanoparticles

by using templates.
TiCly + 2H,0 = TiO,| + 4HCI

Formation of TiO; nanoparticles via above reaction is shown

schematically in figure 1.12.

COLLECTOR ROD =~ _

-

RF COILS

CONTAINER *
WITH METAL “~=w_

He GAS = =

~. EVACUATED
CHAMBER

Figure 1.10 lllustration of apparatus for the synthesis of nanoparticle using an RF produced
plasma (from reference 111}






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 industnal
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 100 pum 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 plasma’ 16 (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

Vvapour 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 form. 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 grow 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 supercritical 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 jet can be directed to a grounded surface and collected as a

continuous web of fibres ranging in size from a few pm’s to less than 100 nm.
1.4.5.10 Mechanical processes

These include grinding, 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 pounding 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 viablc yields. It is commonly

used for inorganic and metals, but not organic materials.

1.4.5.11 Using templates to form nanoparticles

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.’'”® The different 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 fine structure
spectroscopy {EXAFS), infra red spectroscopy (JR). Nuclear magnetic resonance
(NMR), scanning electron microscope (SEM), transmission electron microscope
(TEM) etc. are some of the techniques used.'?'"'#

1.4.7 Novel applications of nanomaterials'?

Since nanomaterials possess unique, beneficial chemical, physical, and
mechanical properties, they can be used for a wide variety of applications. These

applications 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 greater 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 personne! 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 deformation 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.” 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 aerogels 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 changeable
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 pixel, 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 affordable 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 significantly
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 um) 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 magnets 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 magnets 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 outperform their
conventional counterparts because of their superior chemical, physical, and
mechanical properties and of their exceptional formability. Table 1.4 lists primary

types of nanomaterials and their applications.

Table 1.4 Primary types of nanomaterials and their applications

Type Market

l Nanoparticles (dots, bars, Chemicals (e.g., cosmetics, sunscreens)
dendrimers, or colloids)

Quantum dots (molecular tagé)

Medical/pharmaceutical (e.g., drug delivery,
controlled release, drug targeting, increased
bioavailability, cancer detection)

erenes . ..
Fulleren Information/communication (e.g., computer
chips, semiconductors)

Nanoporous materials ~_ Energy o
Nanotubgs (single or Automotive (e.g., lighter, stronger, and safer
multiwalled) 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;

clectronics.
Nanostructured materials ~ Aerospace
Nanofibres o Textiles (eg, stain and wrinkle resisféﬁt;
stronger)
Nanocapsutes Agncultu;ac 2., flavour and nutrient stora ge,

food quality sensors)

Nanowires

Consumer goods (e.g., disinfectant sprays, dyes,
» paints)
Environmental (e.g., nanosponges to strip
Other contaminants from waste streams or for

remediation and drinking water purposes; air
quality monitoring)




1.5 Filler

The term filler is usually applied to solid additives incorporated into the
polymer to modify its physical (usually mechanical) properties.m'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 generaily recognized in polymer

technology and there are summarized in figure (1.14).

Fillers

|
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Particulate Rubbery Resin Fibrous Cork

L | |
e

Inert  reinforcing Reactive  Non Reactive Non  Laminar Random eg:
reactive reactive wood flour
whislers
organic In organic

Figure 1.14 Classification of filler in pelymer 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 cost.'2%132
Fillers can be classified as inactive, semi-active or active. Although the
difference between the various classes cannot be rigidly defined, the designation
normally relates to the influence of the filler in the compound on viscosity,
crystailization, 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
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chemical resistance and reduce cost.

1.5.1 Polymer-filler interface'*
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 each 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
jdentical 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 semicrystalline polymers have a significant
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'*® and

7

inorganic' nucleating agents. Howcver, there are only 10-15 investigations

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

¥ The most common polymers

fewer that employ nanoparticles of zinc oxide.
whose crystallization kinetics have been enhanced by nucleating agents are
(i) isotactic polypropylene (iPP), (ii) poly (ethylenc terephthalate) (PET), and
(iii) 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 panoparticle nucleating agents for iPP is extremely
rare.””® Zhang et al.'”® studied the mechanical properties and crystallization
behaviour of isotactic polypropylene composites with crosslinked styrene-
butadiene nanoparticles 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

' report that

elastomeric particles with length scales below 100 nm. Gui et al."
0.8 wt% of an organic phosphorus nucleating agent dispersed in 1PP 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)."? 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
viscosity-reducers.'*

143 144
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Nucleating agents can be classified as natural ™~ or synthetic. ™ In most
cases, dibenzylidene sorbitol and 3,4- dimethyldibenzylidene 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.'*>'*” 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., Trer to Terystanization)s and produce translucent materials
with smaller crystallite sizes.'*® Several classes of inorganic compounds can
be employed as nucleating agents'**'*, but the oxides of aluminum (ALO3),
calcium (CaO), silicon (Si0,), titanium (TiO;), 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.'**
Shepard et al.'*' found that dibenzylidene sorbitol (DBS) undergoes self-
assembly and promotes the formation of spherulites in commercially

1'% investigated

important polyolefins, such as polypropylene. Feng et a
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 chitin
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.'™ 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 chitin, chitosan and cellulose

Thus chitin 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.'™

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.**

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
formation, ability to form 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 groups or the degree of deacetylation DDA

(DDA = 100-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)-B-D-glucosamine
residues randomly acetylated to various extents, the name chitosan 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 1s 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
dimethy! acetamide containing 5 % lithium chloride. 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 deacetylation.

In fact, chitosan is soluble in dilute acids on account of protonation of free
amino groups. As in all polyelectrolytes, the 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
forms: o, B and y -chitins (hydrated, anhydrous crystal, and non-crystal). These
forms can be examined easily by measuring the X-ray powder diffraction pattern
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.

Tahle 1.5 Potential applications for chitin, chitosan and their derivatives

Application Specific use
Water treatment Coagulating agents for polluted water, removal of metal ions
Agriculture Plant elicitor, antimicrobial agents, plant seed coating
Textile, paper Fibres for textile and woven fabrics, paper and film
industry industry
Biotechnology Chromatography, packing, enzyme immobilizing
material
Food/health Natural thickeners, food additives, filtration and
supplements clarification, hypocholesteromic agents (shmming
agents)
Cosimetics Ingredients for hair and skin care
Biomedical Wound dressings, absorbable sutures, anticoagulant or
antithrombogenic materials, homeostatic 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,

. : : 156-158 . ‘ .
packaging and moulding materials.””**** 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.lsg’m Several workers have reported the use of
nanoparticles, such as organically modified nanoclays as crystallization
promoters for a variety of polymers.'* ' This has prompted the cvaluation of
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nanoclays for crystallization enhancement in PET also.” Non isothermal

crystallization behaviour of PET on adding SWNTs is shown in figure 1.16.'®
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Figure 1.16 Non isothermal crystallization behaviour of PET/SWNTs nanocomposites
{taken from ref. 165)

Barium sulphate, silica, clay etc. are used for reinforcement for PET matrix.'***®

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

6.67, 169-174

nanocomposites with nylon 6.° The main applications of PA 6 are in

172-175 -

fibres, films and as injection-moulded engineering plastic. I'he mechanical



properties and the crystallization rate can be modified by the addition of
inorganic fillers.'”® Fillers widely used are calcium carbonate, talc, silica, clay,
glass fibre etc. that play an important role in the plastics filler market.!”'® 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.'™

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.'® PC was
modified in many different ways, particularly by blending with polyolefin resin
such as polyethylene (PE), polypropylene (PP) for use in demanding applications

184180 Unfortunately,

when its outstanding notched impact strength is important.
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.'” PC-ZnO nanocomposites containing 0.1,
0.5, 1 or 5 wt% nanoparticles have been prepared by milling and injection

moulding.'®

PC+ 0.5 % ZnO presents a higher modulus and similar tensile
strength compared to neat PC, with a 74 % reduction in the clongation at break.
A ZnO concentration of 1| 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 matertals; widely used in large
quantities in different application segments."™ The most common reinforcements
that are used in polypropylene are wollastonite, talc, mica, silica, and calcium
carbonate, in amounts of 1040 % by weight. Experimental work on polymer

composites indicates large improvements in mechanical properties, such as tensile



"and flexural modulus, impact resistance, as well as outstanding barrier properties,
flame retardancy, resistance to heat deformation or distortion.””*"* In addition, large
influences on crystallization process, degree of crystallinity, and nucleation have
been reported: ceramic reinforcements can increase the starting crystallization
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temperature of a thermoplastic polymer, inducing shorter processing times in

24 5 .
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injection moulding,”* as well as higher crystallinity levels.
alternative to conventional micro- filled polymers, new materials based on
nanometer sized filler particles in polymeric matrices have been proposed.?*?'? As
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

13 The properties of nanocomposites can be also affected

microdimensioned fillers.
by the shape of the reinforcement, as well as by the coupling agent used.'**"* The
use of either spherical or elongated nanoparticles, that have different aspect ratio, 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 polypropylene/calcium carbonate nanocomposites, the
addition of CaCO; nanoparticles coated with a polypropylene-g-maleic anhydride
copolymer causes an increase in the glass transition temperature and a better thermal
stability of the material. The presence of the nanofilier 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 CaCO; nanoparticles.”'® The most
commonly used fillers for PP are calcium carbonate or clay.”’”*** Nanosilica
provided effective reinforcement to PP matrix.”*
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 performance
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 thermoplastic



materials can be realized by reinforcement with inorganic minerals including talc,”*
27 mjca,228 wollastonite, 22! glass bead ?? and calcium carbonate. 2> In polymer
{polyethylene)—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,"‘43 9 decreased thermal expansion coefficient,
increased solvent resistance, outstanding diffusion barrier properties and flame

2025 are a few selected examples of the advantages provided by

retardant capability
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.****

1.8.6 PS nanocomposites

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

. . ~ . . . 54,
nanocomposite matrix. Most of these investigations concerned organoclays.2 4239

5
2% nanotubes,’®

However, metals’®2%" metal suifides (CdS),*** a metal oxide,
Si0,,%% and graphite®®’ 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.
1.9 Importance of ZnO*%*

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 sulfate can be taken orally 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 opfical, 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-

puildup 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 ZnQ 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 formed 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 elastomer and the
crosslinking, which it induces, takes several forms. 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 Light stabilization

ZnQO 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,
Zn0 provides a high degree of whiteness and tinting strength 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 degree 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 ZnQO impart heat-ageing resistance superior to that of
American-process ZnO. The former type, being sulfur-free, has a higher pH and,
thus, can neutralize more effectively the acidic decomposition products formed
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
Zn0O. ZnO contributes to the formation and cure of epoxide resin. Addition of
Zn0O 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 formation of polyesters in the presence of
ZnO imparts higher viscosity and other improvements. ZnO reacts with
unsaturated polyesters to form 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 (chlorofluoroethylene) moulding resin. Polyolefin's are
improved in colour, tensile strength, and vulcanization properties by addition of
ZnO. Thermal stabilization of PVC is effected by ZnO. Antistatic, fungistatic

and emulsion stability are additional properties imparted to vinyl polymers by
Zn0.

Applications in development for ZnO-stabilized polypropylene and
high-density polyethylene include safety helmets, stadium seating, insulation,

paliets, 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. ZnQ
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 incrcased by the substitution of

ZnO for BaO and PbO.

1.9.4 Pharmaceutical industry

Zn0O 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 saits 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 ZrO), the reaction products imparting special



iproperties such as high heat resistance, high bond strength, improved peel and

ghear — 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, ZnQ 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. zinc
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.

Zn0O 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 ZnQ into their
pastes. Painters noted that they furnished better hiding power, whiteness, cleaner
tints, tint retention, and durability as well as nondarkening in the presence of
sulfur fumes. French-process ZnO has been proved superior to American-

process type in fungus 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 difficult to protect because their reactivity
with organic coatings leads to brittleness and lack of adhesion. Zinc dust- ZnO
paints however, retain their flexibility 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 HCN and H,S from

tobacco smoke without affecting its flavour.
1.9.11 Sulfur removal

Zn0 is effective in removal of sulfur and sulfur compounds from a variety
of fluids and gases, particularly industrial flue gases. Zinc is also effective in
removal of H,S from hydrocarbon gases and for desulfurization of H,S 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 sulfides which discolour the food.

1.9.13 Fire retardants

7ZnO 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 telc-communication 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
ferrites to impart specific functions. In portable and car radios, the antenna
cores are ferrites designed to provide highly selective tuning. Television
picture tubes constitute a major market for ferrites, particularly for use in fly
back transformers and deflection yokes. In the communications arca, ferrites
are extensively used in the fiiter 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. Purification 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 Portland cement
The beneficial effects of ZnO additions to portland 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 nanoparticles, 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
nanoparticles into polymers would lead to unprecedented ability to control the
electrical properties of filled polymers.”*?™ Hong et al. prepared ZnO/LDPE
nanocomposites and studied the dielectric properties.”’ SEM images of the
ZnO/LDPE nanocomposites are shown in figure 1.17. Good dispersion of
nanoparticles in the LDPE matrix is confirmed from no observation of

nanoparticle agglomeration.

Figure 1.17 SEM image of ZnO/LDPE nanocomposite (taken from reference 271)



PMMA/ZnO nanocomposites via in-situ polymerization method were
reported by Peng Liu et al.’”? TEM image of ZnO nanoparticles in PMMA is
shown in figure 1.18.
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Figure 1.19 TGA curves

The TGA curves of the pure PMMA, PMMA/ZnO (1) (5.0 % weight ZnO
added), and PMMA/ZnO (2) (10.0 % weight ZnO added) are shown in figure
1.19. The pure PMMA decomposed completely at about 400 °C. However,
PMMA/ZnO (1) and PMMA/ZnO (2) remained more than 30 % and 50 % at this
temperature, respectively. It could be concluded that the addition of the



nanoparticles had improved the thermal properties of the nanocomposites

obtained and the improvement depends on the amounts of nanoparticles added.

The bulk polymerization of MMA in the presence of up to 11 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.”” A study on photodegradation of ZnO filled

1.”* They reported an improvement in

polypropylene was done by Zhao et a
crystallization, mechanical and dynamic mechanical charactenistics of PP/ZnO
nanocomposites. Electrical properties of LDPE/ZnO nanocomposites were studied
and the results showed that dielectric constant of the composites reinforced with
micro- and nanoparticles increased almost linearly with increasing ZnO volume
content.”” The effect of thermal treatment on electrical properties of LDPE/ ZnO
nanocomposites were analyzed and the results showed that thermal treatments
exerted a pronounced effect.”” The effect of ZnO particles on polystyrene matrix
was investigated.””’ They found an improvement in flexural strength and modulus
and the glass transition temperature of ZnO/ PS nanocomposite increased with

12" investigated the structure and morphology of the

ZnO content. Zheng et a
polyamide 6/ZnO nanocomposites. They reported that the ZnO 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.?” 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.”™ The tensile strength, UV and NIR shielding properties of the
nanocomposite polymers increased, and the T, first increased and then decreased,
with increasing ZnO content. Dong et al?®' investigated effects of ZnO
nanoparticles on the physical properties of polyacrylonitrile (PAN). The
incorporation of ZnO 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 thermal



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.”®’
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 scale 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 Si0O,, TiO;, ALO;, V,0s 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 powdcr is one
of the most attractive materials, because of their excellent performance 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,
FTIR, 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 polycarbonate] 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 ZnQO can act as a modifier for thermoplastics, 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
¢ To compare the performance of nano ZnO composites with those of

commercial ZnO composites.
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Abstract

This chapter gives a brief description of the materials and methods
used for the preparation of composites. The polymers used for 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-1, 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 g/cm’

2.1.2 Polyamide 6 (PA 6) (M28 RC) was supplied by GSFC, India, having
melting point 215 °C and density 1.12 g/cm’ .

2.13 Polycarbonate (PC) (PK2870), with a melt flow index of 2.5 g/10min, was
supplied by GE Polymerland having melting point 230 °C and density 1.20 g/cm’.

2.1.4 Polypropylene (PP) (REPOL H200MA), with a melt flow index of 20
g/10min, was supplied by Reliance Industries Limited having melting point165
°C and density 0.90 g/cm’,

2.1.5 High density polyethylene (HDPE) (HD50MA 180), with a melt flow
index of 18 g/10min was supplied by Haldia Petrochcmicals having melting
point 130-140 °C and density 0.94 g/cm’.

2.1.6 Polystyrene (PS) (GPPS LGG 102) with a melt flow index of 10 g/10min
was supplied by M/s LG polymers, Mumbai, India having melting point 180 °C
and density 1.05 g/cm’,

2.2 Nanocomposite preparation

A simple melt-compounding route was adopted for the preparation of
polymer-ZnO nanocomposites.' The polymer and ZnO samples were vacuum
dried at 120 °C for 12 h to avoid moisture-induced degradation. The melt
compounding was performed using Thermo Haake Rheocord 600 mixing
chamber with a volumetric capacity of 69 cm’ fitted with a roller type rotors
operating at 40 rpm. Nanocomposites at differcnt concentrations (0.0-3.0 wt%)

of ZnO were prepared. For comparative purpose, saxﬁp]es of unfilled polymers



were also subjected to the same blending procedure so that unfilled polymer and
the polymer matrix for the nanocompositcs had experienced similar processing
histories. In all cases the torque stabilized to a constant value during mixing
iime.” The hot mix from the mixing chamber was immediatcly passed through a
laboratory size two-roll mill and the resulting shcets are cut to small pieces and
the test specimens were prepared using a scmi-automatic plunger type injection-

moulding machine, with a corresponding barrc] temperature.

The detais of mixing time, mixing temperature and barrel temperaturc of
injection moulding machine are given in table 2.1. The photograph of Thermo

Haake Rheocord 600 is given in figure 2.1.

Table 2.1 Melt-mixing parameters of nanocomposites

Nanocomposite | Mixing time | Mixing temperatl_u-e| Barrel temperature
samples (min) (°C) (°C)
PET-ZnO 4.0 255 255
"PAGZnO | 100 | 230 230
© PC-ZnO 0e | a0 000
PPZnO | 80 | 10 | 180
HDPE-ZnO 10.0 150 150
 PS-Zn0 e Y 188 180

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
(exothermic), i1s mcasured, per unit time for the sample and the result is
comparcd 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,, =156.6 °C, AH,,, = 28.4 1/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, HDPE and PS were exposed to the following temperature scans: heating at a
rate 20 °C/min to 300 °C, holding for 10 min to erase thermal history effects and
then cooling to 50 °C at the rate of 20 °C/min during which the peak of
crystallization exotherm was taken as the crystallization temperature, (T.). The
heat of fusion (AH,,) and the heat of crystallization (AH,) were determined from
the areas of the melting and crystallization peaks respectively.’ The degree of
supercooling (AT=T,-T.) 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 °C for 2 min, and then cooled rapidly (60 °C /min) to the desired
temperature for isothermal crystallization (195 °C, 200 °C, 205 °C, 210 °C).

PA 6-ZnO samples were subsequently reheated to 300 °C at a rate of 20
°C/min, held at 300 °C for 2 min, and then cooled rapidly (60 °C /min) to the desired
temperature for isothermal crystallization (190 °C, 195 °C, 200 °C, 205 °C ).



PP-ZnO samples were subsequently reheated to 200 °C at a rate of 20 °C/min,
held at 200 °C for 2 min, and then cooled rapidly (60 °C /min) to the desired
temperature for isothermal crystallization (110 °C, 115°C, 120-°C, 125 °C).

HDPE-ZnO samples were subsequently reheated to 200 °C at a rate of 20
oC/min, held at 200 °C for 2 min, and then cooled rapidly (60 °C /min) to the desired
temperature for isothermal crystallization (120 °C,1257C. 1307°C, 135°C).

Figure 2.2 Differential scanning calorimeter

2.3.1.2 Thermo gravimetric analysis

Thermogravimetric analysis (TGA) and derivative thermogravimetric
analysis (DTG) is used to study the effect of ZnO on the thermal stability of
polymers. TGA, Q50 (TA Instruments) was used at a rate of 20 °C/min from
room temperature to 800 °C. The chamber was continuously swept with nitrogen

ata rate of 60 ml/min. 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 dclta)
were measured using fixed dynamic analysis techniques. A dynamic mechanical
analyzer (Q 800, TA Instruments) was made use of for this purpose. Rectangular
Specimens of 35 mm length, 4 mm breadth and 2 mm thickness were used. DMA

tests were conducted at a constant frequency of 1 Hz. A temperature ramp was



run from 30 °C to 150 °C at 3 °C/min to get an overview of the thermo
mechanical behaviour of polymer after the incorporation of ZnO nanoparticles.

The photograph of DMA instrument is shown in figure 2.3.

=]

e

o

Figure 2.3 Dynamic mechanical analyzer

2.3.2 Mechanical properties
2.3.2.1 Tensile properties

The tensile properties of the samples were determined according to ASTM
D — 638 using dumb-bell shaped specimens with a Universal Testing Machine
(Shimadzu AG 1) 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:

1. Tensile strength: It is the maximum tensile stress registered in the tensile
loading operation. It corresponds to yield strength if the 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 curve.



3. Elongation at break: It is the elongation of the specimen at break. It was
measured in terms of its initial length (L) and final length (L) and is

given as,

Elongation at break = (—LL&’—)- x100 2.1

0
Tensile toughness: It is energy to maximum /thickness 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 mm/min 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 i1s 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

clastic limit.

Flexural modulus (Kg/cm?) = L’m/4bd®> 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 m/s.

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 AG1) capillary rheometer (50 KN) at different plunger speeds from 1-



500 mm/min. The capillary used was made of tungsten carbide with a length to
diameter (L/D) 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-determined plunger speeds. The initial position of
the plunger was kept constant in all experiments and shcar viscosities at different
shear rates were obtained from a single charge of the material. The

measurements were carried out at thrce different temperatures.

For,
PET nanocomposites, the temperatures were 250, 260 & 270 °C
PA 6 nanocomposites, the temperatures were 220, 230 & 240 °C
PC nanocomposites, the temperatures were 230, 240 & 250 °C
PP nanocomposites, the temperatures were 170, 180 & 190 °C
HDPE nanocomposites, the temperaturcs were 140, 150 & 160 °C

PS nanocomposites, the temperatures were 170, 180 & 190 °C

The forces and cross-head speeds were converted into apparent shear stress

(1) and shear rate (¥, ) at wall. The wall shear stress t,, can be caiculated by

using the following equation® involving the gcometry of the capillary and the

plunger,

1,=FAA, (Id) 2.4

Where 1, is the shear stress of the wall, F is the force acting on the plunger
{kgf), A, is the barrel diameter (mm2), and d; and |l and arc the capillary

diameter and length {(mm), respectively.

The apparent shear rate at the wall for Newtonian liquid can be estimated as

follows:

yw=320Qmd 2.5



F Where y,, is the shear rate, Q is the volumetric flow rate ( mm’ s, dcis 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 >

}'/w = (3n’+1/4 l'l') }}wa ............................................... 2.6

Where 1 is the flow behaviour index defined by the following equation:

n=dlnte /ANy wa 2.7

Thus by regression analysis of the graph of Int, versus Iny, ,n’ can be
obtained.

The apparent viscosity, 11 was calculated using the cquation
N=TW/ ¥, 2.8

2.3.4 Die swell measurements

The extrudates were carefully collccted as they emerged from the capillary
die, taking care to avoid any deformation. The diameter of the cxtrudate was
measured after 24 h of extrusion using a travelling microscope. The die swell

ratio was calculated using the relation,

Die swell ratio= Diameterof theextrudate(de) -~ 29

Diameter of the capillary (dc)

The ratio of the diameter of the extrudate to that of the capiilary was

calculated as dic swell ratio (de/dc).
2.3.5 Morphological studies-scanning electron microscopy

Scanning electron microscope (Cambridge Instruments, S 360 Stercoscanner-
version V02-01, England) was used to investigate the morphology of the fractured
surfaces. In this technique, an clectron becam is scanned across the specimen

resulting in back scattering of clectrons of high cnergy, secondary elcctrons 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

preparcd 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-101 ion-sputtering unit for gold coating of the samplc to make it

conducting. The gold-coated sample was used for SEM analysis.
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Chapter 3

Abstract

Zinc oxide (ZnQ) is prepared from zinc chloride and sodium
hydroxide in chitosan solution by polymer induced crystallization. Jt
is characterized using different analytical techniques. TEM and
SEM studies revealed that zinc oxides are nanoparticles. The
particle size of nanc zinc oxide is much lower than that of
commercial zinc oxide. TEM studies revealed that mode of
preparation has a specific role in determining the size and shape of
zinc oxide particle. This method has many advantages, such as
simplicity, low cost, high input, high purity, high vield and little
pollution in addition to superfine compounds that can be easily

brepared.




3.1 Introduction

Nano zinc oxide, as one of the multifunctional inorganic nanoparticles, has
drawn increasing attention in recent years due to its many significant physical and
chemical properties, such as high chemical stability, low diclectric constant'™®, large
elecromechanical coupling cocfficient, high luminous transmittancc, high
catalysis activity, intensive ultraviolet and infrarcd absorption etc. It is g
semiconducting oxide with a wide and direct band gap of 3.4 ¢V and a large
exciton binding cnergy of 60 meV.”'' Accordingly; ZnO is an important
clectronic and photonic material for UV light-emittcrs, varistors, gas sensors,

. . ~ . - . . - . 2.
acoustic wave devices, field emission displays and piezoelectric devices etc.'>*

Recent developments 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 dispersibility, morphology, crystallinity, purity and particle
size."”!* Several studics have been conducted on the synthesis and the structural
property of ZnO nanoparticics.”?' Basically there are two approaches in getting
sub micron powders: one is top to bottom approach i.e., mechanical break
process by attrition etc. and the other, bottom to top i.c., 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 tcchniques, 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 > [ atm pressure), inverse micelle
method, sol-gel synthesis etc. These mcthods are ideally suited for precise
control of sizc and shape of nano particles. In addition, they are cost cffective
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 nanoclusters. Chemical methods give

the ability to produce powders with an exceptionally small sizc (nanometer range).

To obtain ZnO nanoparticles with finc particle size, many synthesis
methods have been used, including homogeneous precipitation®, hydrothermal
method”, sol-gel”, a combustion synthetic route®®, sonochemical processz",
oxidation of ZnS?’, mechanical milling®®, thermal decomposition”'m, chemical
method®'** etc. McBride et al.* and Otiveira et al.” had directly obtained
microcrystalline zinc oxide by the reaction of zinc salts with sodium hydroxide.
Qian et al.’® rcported a method for preparing nanometer-sized ZnO crystals via
ultrasonic irradiation in absolute cthanol. Gao et al’’ reported a method for
preparing monodispersed ZiiO nanoparticles.

. . : P 3 40
Various ZnO nanostructure, including nanowires”®, nanobelts®, nanotubes™,

41-43 . . - -
nanorods*"™*, nanorings™, nanosaws®, cagc-like®, tetrapod-like®**

, dendnitic®,
hierarchical pattern®’, maize cod-based micron flowers® ™ ctc. have been prepared
by different methods. Traditionally, finc and homogeneous zinc oxidc powders arc
obtained by the decomposition of its hydroxides™™, oxalates™, nitrates™ ctc. The
search for novel methods to prepare nano ZnQ with controlled size and morphology
still remains a technical challenge. At present, two methods arc generally being uscd

5163 Eor the

to obtain nano-sized ZnO powder: vapour method and sol-gel method.
vapour method, the resulting powders are agglomerates rather than separatcd
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, colloida]

66-67
and so on have becn used ag

solutions®, porous glasses®, certain polymers
hosts for the preparation of nanosized materials. However, they arc inefficient ip
gencrating clusters of uniform size. J. Liu et al. reported a method to prepare nano
ZnO in presence of polyethylene glycol.*' The nanosized calcium phosphate was
synthesized by in-situ deposition technique by S. Mishra et al.*® They prepared a
complex of calcium chloride and polyethylene glycol to which they added
ammonium phosphate solution. So polymer induced crystailization or polymer
mediated growth of dispersed phasc is a new technique, which has got more
attention recently.” This has become an increasingly important arca of rescarch in
the context of the production of smart matcrials, high performance composites and
nano technology. In this method polymer plays an important role of controlling or
moedifying the growth habit of disperscd phase. The dispersed phasc may be

organic, inorganic, mctal, or another polymer in the polymer matrix.

The in-situ growth and modification of crystalline phase, orientation,
morphology, crystallite size of the additive will give spccial propertics. 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
shortcr, direct and easier route. Hence we thought it could be possible to prepare
ZnO particle by this technique under controlled conditions. Here we used

chitosan solution as a medium to grow the ZnO particle.”

3.2 Experimental
3.2.1 Materials

- Chitosan samples of viscosities 55, 330 and 800 cps were supplied by India
Sea Foods, Cochin, Kerala. The degree of deacctylation of the samples was

greater than 85 %.



¥ 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.

Tahle 3.1 Main properties and values of commercial Zn0

o Properties Value
o Crystal form Hexagonal
Lattice parameters A=3.25, C=5.05
Particle size 40 nm
Colour White
Hardness mohs 4.5
Melting point 1975°C
ZnO content 8.0 %
Acid content 0.4 % max.
Heat loss (2 hrs at100 °C) 0.5 % max.

3.2.2 Preparation of zinc oxide in chitosan solution

Zn0 was prepared from ZnCl, and NaOH using chitosan as a matrix. This
method essentially consists of forming a complex of ZnCl; 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 / 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(OH),. It was filtered and
Wwashed several times with water and dried at 100 °C. Then it was calcined at
different temperatures like 350 °C, 450 °C 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;COOH Chitosan-CH:COOH

ZnCl;- Chitosan complex

l NaOH Precipitation

Zn (OH)-
350°C
Precipitated ZnO

Figure 3.1 Schematic overview of the preparation of nano zinc oxide

To find synthetic fundamentals for this new approach. a number of preparative
parameters were examined in detail. The process was repeated by taking different
concentrations of zinc chlonde, chitosan and sodium hydroxide solution and also by
varying the time and temperature for complexation and precipitation. The conditions
were optimized for the preparation of ZnO nanoparticles. Using the above method
18 batches of ZnO was prepared using different concentrations of chitosan of
different viscosity and with ./ without stirring during the addition of NaOH. The
photographs of precipitated zinc hydroxide with stimng and without stimng and

zinc oxide are shown in figures 3.2 (a), (b) & (c) respectively
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(c)
Figure 3.2 The photographs of (a) precipitated zinc hydroxide prepared by stirring method
{bj precipitated zinc hydroxide prepared by without stirring method (c) precipitated zinc oxide

Different batches of ZnO is given in table 3.2
Amount of ZnCls is constant in all batches.

Table 3.2 Different batches of Zn0

Sasaple name \.’iscosit.)' of % of ch?tosan Mode l.‘l'f
chitosan in cps solution preparation
S1 55 1 Without stirring
S2 55 2 Without stirring
sy 55 ) Without stirring
S4 55 1 With stirring
- S5 55 s With stirring
Sé6 55 5 With stirring
§7 300 1 Without stirring
N S8 300 2 Without stirring
S9 300 5 Without stirmnng
S10 300 1 With stirring
Sl 300 2 With stirring
S12 300 5 With stirring
S13 800 1 Without stirnng
___E4 800 2 Without stirnng
S15 800 5 Without stirring
S16 800 1 With stirring
L D17 800 2 With stirming
S18 800 5 With stirmng




3.3 Characterization
3.3.1 Bulk density (ASTM D 1895)

Apparent deunsity-

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 ig
primarily used for powders or pellets. The test can provide a gross measure of
particle size and dispersion, which can affect material flow consistency and

reflect packaging quantity.
Apparent density

Measuring cup, a cylindrical cup of 100 + 0.5 ml 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 0.1g.

Calculate the weight in grams of 1 cm’ of the material.

Data; Apparent density value is recorded as g/cm3
3.3.2 Element analysis (ICP-AES analysis)

Inductively coupled plasma atomic emission spectroscopic analysis is 2
highly successful multiclemental analysis with inductively coupled plasma as the

heating source and operating on atomic emission spectroscopic technique.



[ . The ZnO sample is dissolved with 5Sml HNO; and made up to 50 ml using
D'distilled water. The filtered sample is analyzed with ICPAES system of Thermo
Electron Corporation (Model: IRIS INTREPID 11 XSP).

3.3.3 Energy dispersive X-ray spectrometer

The chemical stoichiometry of ZnO nanoparticle is investigated with EDX,
(EDS, HITACHJ, S-2400).
3.3.4 Surface area

Surface area of the zinc oxide nanoparticles and commercial zinc oxide
were measurcd 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 were collected using Bruker, AXS Dy Advance
diffractometcr at the wavelength CuKa= 1.54 A, a tubc voltage of 40 KV and

tube current of 25 mA. Crystallite size is calculated using Scherrer equation,
CS=09% /BCosB 3.1

Where, CS is the crystallite size, § ts full width at half-maximum (FWHM ;)

of an hkl peak at 8 value.”!
3.3.6 Fourier transform infrared spectroscopy

Fourier transform infrared spcctra arc generated by the absorption of
electromagnectic radiation in the frequency range 400 to 4000 cm’™' by organic
molecules. Different functional groups and structural features in thc molecule
absorb at characteristic frequencies. The frequency and intensity of
absorption are the indication of the band structures and structural geometry in
the molecule. FTIR absorption spectra were collected using ThermoAvtar

370 spectrometer.



3.3.7 UV spectroscopy

Room tcmperature UV-vis absorption spectra were recorded on UV-255q

spectrophotometer.
3.3.8 Photoluminescence (PL) spectroscopy

The room temperature photoluminescence spectra were performed on
spectrophotometer Fluorolog-3-Tau using a He-Cd lascr (A,=325 nm) as the

excitation source.
3.3.9 Transmission electron microscopy

The morphology and particle size of zinc oxide werc observed using
transmission electron microscope (TEM). The TEM images and sclected area
clectron diffraction (SAED) patterns wcere taken on Philips TEM CM 200

model.
3.3.10 Scanning electron microscopy
Scanning clectron microscope {(Cambridge Instruments, S 360

Stereoscanner-version V02-01, England) was used to investigate thc morphology

of the zinc oxide samples.
3.3.11 Thermo gravimetric analysis

Thermo gravimetric analyzer (TGA, Q-50, TA Instruments) was uscd to
study the thermal stability of ZnO. Approximatcly 5 mg of the samples were
heated at a rate of 20 °C/min to 800 °C. 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 nanoparticles. Indium was used for tempcrature
calibration (T, =156.6 °C, AH,, =28.4 J/g). All the samples were dried prior to
the mcasurements and analysis werc donc in a nitrogen atmosphcre using

standard aluminum pans.
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3.4 Results and discussions
3.4.1 Bulk density

The different types of ZnO 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 3.3 Bulk densities of the prepared Zn0 samples

Sample name ' - “Bulk density (g/cm’)
Commercial 0.4234
S1 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
S10 1.0589
Si1 1.0921
S12 _ 1.0323
S13 0.9056
S14 0.9069
S15 0.9105
S16 1.0845
S17 ‘ 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 (S84, S5, S6, S10, S11, S12, S16, S17,
S18) than that of without stirred batches (S1, S2, S3, §7, S8, S9, S13, S14, S15).
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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 clements analyzed are Zn and Na and table 3.4 shows the amount of
elements present in the samplc.

Table 3.4 Element analysis

Elements Avg Units ﬁ—
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 nanoparticlc was investigated with

EDX (figure 3.3), which affirmed an atomic ratio of Zn:0 = 1:1.

8000
Zn
Elmt Element% Atomic %
6] 18.29 47.78
Zn 81.71 52.22
Total 100.00 100.00
» 6000 -
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Figure 3.3 EDX patterns of Zn0 nanoparticles



3.4.4 Surface area

Representative samples were selected from those prepared with stirring
(St 1) and without stirring {S8) for surface area determination. Table 3.5 shows

surface area for commercial zinc oxide, S8 and S11 samples.

Tahle 3.5 Surface areas for different Zn0 samples

Samples Surface area

Commercial zinc oxide 4.08 Sqm/g

2 S8 37.56 Sqmv/g
3 St 42.15 Sqm/g

The surface arca is morc 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 ZnQO prepared without stirring. This is due to the smaller

particle size of S11 than S8.
3.4.5 XRD studies
Figures 3.4 (a), (b} and (¢) shows the XRD patterns of commercial ZnQ, S8

and S11 respectively.
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Figure 3.4 XRD patterns of {a) commercial Zn@ {b} S8 & {c} SN
It is very clear from the above figure 3.4 (¢) that the major reflections
between 30° and 40° (26 values) indicate more crystalline regions in the zinc

oxide sample.

Also the lcss intense peaks at 47.5°, 56° and 63° (26°s) indicate the high
crystallinity of zinc oxide samples. The detailed analysis of the XRD and the
assignments of various reflections are given in table 3.6. Crystallite sizes of the

ZnO are calculated using Scherrer’s formula.
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Table 3.6 Analysis of XRD and the assignments of various reflections of Zn0

Sample - d (Obs) FWHM ~ Crystallite size (nm)
Commercial 2.4599 0.224 37.39
S8 2.4574 0.368 22.76
S11 1.9027 0.446 18.78

The full width at half-maximum of an Akl peak at 6 value and crystallite size of
all the zinc oxide samples shows that S11 have smaller crystal size compared to others.
When the morphology of S8 changed to S11 from plate like structure to rod like

structure, it was presumed that the distance of planar spacing was shortened.”

Figure 3.5 shows the XRD patterns of zinc oxide samples (S11) 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 °C showed lower particle size as indicated by

high peak intensity.
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Figure 3.5 XRD patterns of zinc oxide samples formed at different calcinations temperatures
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3.4.6 IR spectroscopy
Figure 3.6 (a) & (b) shows the IR spectrum of S11 and commercial ZnQ

samples respectively. A similar spectrum is obtained for sample S8.
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Figure 3.6 IR spectrums of {a) S11& {h} commercial Zn0
The peak around 450" cm™ shows a distinct stretching mode of crystal zin¢

oxide. The shape of the IR spectrum of ZnO particles is generally influenced by



E:icle size and morphology, the degree of particle aggregation, or the crystal

b woture of ZnO polymorph. Hayashi et al.”” compared the recorded and

747 considered the relationship

icalculated spectra of ZnO. Serna and co-workers
- between the shape of IR spectrum on one side, and the physical shape and
aggregation of ZnO particles on the other. Tanigaki ct al.’® prepared ZnO
,particles by the high temperature oxidation of zinc powder and obscrved

different shapes in the spectra.

Figure 3.7 shows the IR spectrum of intermediate products formed at
different temperatures during calcination. A broad peak in the range 3250 — 3600
.cm" for the sample hcated at 350 °C indicates the presence of —~OH stretching
vibrations, which is due to the prescnce 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 mtensity of the characteristic peaks
of zinc oxide is in the range of 500-525 cm™' is increased when the calcinations

temperature is incrcased.
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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 S11 sample. It exhibitg

a strong excitonic absorption feature at ~368 nm, which is blue shifted of ~7 npy,
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 ZnQ nanoparticle

3.4.8 Photoluminescence (PL) spectroscopy

Figure 3.9 reveals the room temperature PL spectra of S11 sample. A strong
UV emission at ~384 nm, 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 510-515 nm) due to the
presence of the singly ionized oxygen vacancies (or other point defects) * is barely
observable in prepared samples. As reported in the literature’™™ this finding may
indicate that thc ZnO nanorods synthesized by this novel method possess high

crystalline perfection. A similar spectrum is obtained for sample S§.
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Figure 3.9 Room temperature photoluminescence spectrum of the Zn0 nanoparticles
3.4.9 Transmission electron microscopy

Figures 3.10 (a) shows the TEM images of S11 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 nm 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 S11.°' 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).




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 2(.
30 nm. It is also clear from the photograph that the zinc oxide formed jg
crystalline as its shape is changed from the coarse structure of commercial ZnQ
as shown in figure 3.11 (a). The nano ZnO prepared is highly crystalline thap

commercial ZnO. The particle size of commercial ZnO is 40-90 nm.

(a)
Figure 3.11 (a) TEM image and (b) SAED patterns of commercial Zn0

(a) (b)
Figure 3.12 (a) TEM image and (b) SAED patterns of S8

3.4.10 Scanning electron microscopy

The surface morphology as determined by scanning elcctron microscopy
reveals that the method of preparation has a significant effect 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 (¢ & d)]. Precipitation carried out by vigorous stirring gave zinc oxide



panicles (S11) with rod like structure [figure 3.13 (a & b)]. It is different from
the structure of commercial ZnO [figure 3.13 (¢ & f)]. A remarkable change in
pariiclc size and morphology was observed for the 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 [a) & (b) S11, (c) & (d) S8 and (¢} & (f)
commercial Zn0]



3.4.11Thermo gravimetric analysis

Thermal analysis of the prepared ZnO nanoparticles (nano ZnO) wag
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 commerctal ZnO. From the figure it ig
secn that TGA curve for the nano ZnO is almost featureless except for a smajj
endothermic peak at around 190 °C. Thc TG curve in the figure indicates that the
sample weight begins to decrease slightly at 190 °C, and then levels off from
600 °C. As reported by Morishige et al.”” and Chen et al.* the peaks at around 220
and 270 °C in TG figure may be caused by the decomposition of the condensation
dehydration of the hydroxyls. This pcak could not be associatcd with any phase
change, as the corresponding XRD pattern [figurc 3.4 (c)] also did not show any
change in the phase of thc 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 ZnD and (b) commercial Zn0



¥3.4.12 Differential scanning calorimetry
No obvious peak was secn in DSC curve, as shown in figure 3.15, which
i may indicate that the nano ZnO is pure, hexagonal phase, which is associated

 with the XRD results. Similar behaviour is observed for commercial ZnO.
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Figure 3.15 Differential scanning calorimetry (BSC) of nano Zn0

3.4.13 Formation of nanoparticles

Based on the above experimental results, we 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 forming nanoparticles of zinc hydroxide and hence on the zinc

oxide obtained subsequently.

Formation of nanoparticles depends on many factors. The most important

of these arc:

* The stability of the complex formed bctween the particle and the
surrounding polymer matrix and the proper diffusion of the reacting
species are the most important criteria for the formation of nanoparticles.

The surrounding polymer matrix should be ablc 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 ip
reduction 1n particle size of the particular particle. In the case of chitosag

matrix stirring is required for proper diffusion of OH™ 1ons.

* The ratio betwcen the polymer matrix used (chitosan) and the metal jog-
ie., Zn"? will also play an important role. For the same molecular
weight, a lower ratio i.c., 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. However, 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 turmn surrounded by the
matrix. Thus thc stability of thc bond is enhanced and this resuits in
reduction in particle size. Also the intcraction between different particles

of the same type will be reduced, thus reducing cluster formation.

= QOther factors arc tcmperature, interaction of the particle with vartous
systems around it, the method of synthesis. Higher the temperature,
greater the chances of breaking the polymer- metal ion complex which
will thus not have much cffect on the particle size of the fitler. Also the
particle present in the system can intcract with the solvent present, with
the polymer matrix, another particlc of the same type and other
reactants. For cfficient reduction in particle size, the interaction between
the polymer matrix and the metal ion should be high when compared to

other interactions.

This mcthod essentially consists of forming 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 ZnCl, form the complex. There is no possibility of zinc hydroxide formation

at this moment, sincc hydroxy! 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 dircctions to reach up to zinc ions.
gince the polymer chains binds the zinc¢ ions, the formation 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
pano zinc oxide particles, whereas ZnO nanorods were formed at high
[an“]/[OH’] ratio. With vigorous stirring, hydroxyl ions diffusc in to the matrix
from all the possible directions and nanorods are obtaincd. More OH'ions in
solution were reactive with Zn** to form ZnO clusters. The formed ZnO clusters
heterogencously 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 nanocrystals was
increased, but crystals grew simultaneously in threc dimensions. However,
permanent dipole moment in nanocrystals has been enhanced with increasing the
volume of ZnO nanocrystals. The facets terminated by negatively charged O
atoms and positively charged Zn atoms have been reported® 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 Zn”* and OH ions in solution. Henccforth, ZnO nanorods were
formed. The formation of ZnO nanorods furthermorc increased the polarity
between particles. Even though there is stirring, only slow diffusion of the
reactant takes place, which results in reduction in particle size. The viscosity of
chitosan has no specific role in dctermining the size and shape of particles. The

yield of zinc hydroxide is almost a constant with varying concentrations.

This new synthesis of zinc oxide particles has three advantages. (1) The
reaction is carried out under moderate or even simple and crude conditions,
which makes this method promising for large-scale production. (2) Particles of
Nanometer-size can be attained by this method. (3) With the change of rcaction

¢onditions, particles with different morphologics can be scen through TEM.



Figure 3.16 A possible mechanism for the growth of Zn0 nanoparticles in chitosan medium

ZnO prepared by this method (S11) is hereafter called as nano zinc oxide

which is used for the preparation of nanocomposites.
3.5 Conclusions

Zinc oxide with high crystalline naturc can be prepared from zine chloride
in chitosan solution by in-situ deposition techniquc. TEM and SEM studies
rcvealed that zinc oxide is having nanoparticle size. The particle size of nano
zinc oxide is much lower than that of commercial zinc oxide. There is not much
change in the particle sizc of nano zinc oxide with variation in viscosity of
chitosan medium. SEM and TEM studies tevealed that mode of preparation have
a specific role in determining the size and shape of zinc oxide particle. Nano
ZnO is having high purity as revealed by TGA and DSC studics. They have a
very strong photoluminescence (PL) band at ultraviolct wavelength range. This
method has many advantages, such as simplicity, low cost, high input, high
purity, high vield and littlc pollution in addition to superfinc compounds that can

be easily prepared.



Preparation and Characterization of Nano Zinc Oxyde

‘3.6 References

=1

bk W

10.

1L

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23,
24,
28.
26.
27.
28,

29,

Takai M, Futsuhara G, Shimizu CP, Lungu J, Nozue. Thin solid films 1998, 318,
117.

Xu JQ, Pan QY, Shun YA, Tian ZZ. Sensors and Actuators 2002, B66, 227.

Lou XJ. Sens Trans Technol 1991, 3, 1.

Dong LF, Cui ZL, Zhang ZK. Nanostructure Mat 1997, 8(7), 815.

van Dijken A, Miulenkamp EA, Vanmaekelbergh D, Mcijerink A. J Luminescence
2000, 90, 123.

Vanheusden K, Warren WL, Seager CH, Tallant DR, Voigt JA, Gnade BE. J App!
Phy 1996, 79(1), 7983.

Jose J, Abdul Khadar M. Nanostructure Material 1999, 11(8), 1091,

Nan CW, Holten S, Birringer R, Gao H, Kliem H, Gleiter H. Phys Stat Sol (A)
1997, 164, R1.

Lee J, Hwang JH, Mashek JJ, Manson TO, Miller AE, Siegel RW. J Mater Res
1995, 10, 2295.

LiJF, Yao LZ, Ye CH, Mo CM, Cai WL, Zhang YL, Zhang D. J Crystal Growth
2001, 223, 535.

Liuv YX, Liu Ye¢, Shen DZ, Zhang GZ, Fan XW, Kong XG, Mu R. Solid State
Comm 2002, 121, 531.

Pearton SJ, Norton DP, Ip K, Heo YW, Steiner T. Prog Mater Sct 2005, 50, 293.
Anderson RA, Pike GE. J Mater Res 2003, 18, 994,

Snoke D. Science 1996, 273, 1351.

Cpllins IR, Taylor ES. J Mater Chem 19922, 1277.

Spanhel L, Weller H, Henglein A. J Am Chem Soc 1987, 109, 6632-35.

Vogel R, Hoyer P, Weller H. ) Phys Chem 1994, 98, 3183-88.

Koudelka L, Horak J. J Mater Sci 1994, 29, 1497-99.

Hwang CC, Wu TY. ] Mater Sci 2004, 39, 6111.

Hwang CC, Wu TY. Mat Sci Eng B, Solid 2004, 111, 197.

Boyle TJ, Bunge SD, Andrews NL, Matzen LE, Sieg K, Rodiguez MA, Headley T.
1 Chem Mater 2004, 16, 3279.

Fujita K, Matsuda K, Mitsuzawa S. Bull Chem Soc Jpn 1992, 65, 2270.
Li WJ, Shi Ew, Zheng YQ, Yin ZW. J Mater Sci Lett 2001, 12, 2301.
Meulenkamp EA. J Phys Chem B 1998, 102, 5566.

Pang Zw, Dai Zr, Wang ZL. Science 2001, 291, 1947,

Kumar RV, Diamant Y, Gendanken A. Chem Mater 2000, 12, 2301.
LiY, You L, Duan R. Solid state Commun 2004, 129, 233.

Damonte LC, Mendoza Zelis LA, Mari Soucase B, Hernandez Fenollosa Ma.
Powder technology 2004, 148, 15.

Liewhiran C, Seraphin S, Phanichphant S: Current Applied Physics 2006, 6499.



30.

31.

32,

33.
34.
35.
36.
37.
38.

46.

47.
48.

49.
50.

Hongmei Zhong, Jinbin Wang, Mei Pan, Shaowei Wang, Zhifeng Li, Wenlan Xu,
Xiaoshuang Chen, Wei Lu. Materials Chemistry and Physics 2006, 97, 390.

Jingwei Zhang, Wei Wang, Pengli Zhu, Jianmin Chen, Zhijun Zhang, Zhishen Wy
Mat Lett 2007, 61, 592.

Changle Wu, Xueliang Qiao, Jianguo Chen, Hongshui Wang, Fatang Tan, Shitag
Li. Mat Letters 2006, 60, 1828.

Wang L, Muhammed M. ] Mater Chem 1999, 9, 2871.

MecBride R, Kelly J, McCormack D. J Mater Chem 2003, 13, 1196,
Oliveira A, Hochepied J, Grillon F, Berger M. Chem Mater 2003, 15, 3202,
Qian D, Jiang J, Hansenm P. Chem Commun 2003, 2068.

Gao XD, L1 XM,Yu WD. J Phys Chem.B 2005, 109, 1155.

Huang MH, Mao S, Feick H, Yan H, Wu Y, Kind H, Weber E, Russo R, Yang P,
Science 2001, 292, 1897.

Pan ZW, Dai ZR, Wang ZL. Science 2001, 191, 1947.
Zhang J, Sun LD, Liao CS, Yan CH. Chem Commun 2002, 3, 262.
Guo L, hYL, XuHB. Simon P, Wu ZY. J Am Chem Soc 2002, 124, 14864.

Lepot N, Van Bael MK, Van den Rul H, D'Haen J, Pecters R, Franco D, Mullens.
Materials Letters 2007, 61, 2624.

Shengtai He, Hideaki Maeda, Masato Uehara, Masaya Miyazaki. Materials Letters,
2007, 61, 626.

Kong XY, Ding Y, Yang RS, Wang ZL. Science 2004, 1348, 303.

Yan HQ, He RR, Johnson J, Law M, Saykally RJ, Yang PD. J Am Chem Soc 2003,
125, 4728.

Fan HJ, Scholz R, Kolb FM, Zacharias M, Gosele U. Solid State Commun 2004,
130, 517.

Yan H, He R, Pham J, Yang PD. Adv Mater 2003, 15, 402.

Roy VAL, Djuri AB, Chan WK, Gao }, Lui HF, Surya C. Appl Phys Lett 2003, 83,
141.

Gao P, Wang ZL. J Phy Chem B 2002, 106, 12653.

Wen JG, Lao JY, Wang DZ, Kyaw TM, Foo Y, Ren ZF. Chem Phys Lett 2003,
372,717.

Jinping Liu, Xintang Huang, Yuanyuan Li, Jinxia Duan, Hanhua Ai, Lu Ren. Mat

Sci and Eng B 2006, 127, 85.

Xianhui Xia, Zhizhen Ye, Guodong Yuan, Liping Zhu, Binghut Zhao. Applied
Surface Science 2006, 253, 909.

Sakohara S, Honda S, Yahai Y, Anderson MA. } Chem Eng Jpn 2001, 4, 15.
Kutty TRN, Padmini P. Mater Res Bull 1992, 27, 945.

Auffredic JP, Boultif A, Langford J1, Louer D. J Am Ceram Soc 1995, 78, 323.
Dhage SR, Renu Pasricha, Ravi V. Mat Letters 2005, 59, 779.

Mondelaers D, Vanhoyland G,Van den Rul H, Haen JD, Van Bael MK, Mullens J,
Van Poucke L.C. Mater Res Bull 2002, 37, S01.



59.

6.

62.

63.

65.
66.

67.

68.

69.
70.
71
72.

73.

74.
7s.
76.
77.
78.
79.
80.
81,

Tokumoto MS, Pulcinelli SH, Santilli CV, Briois V. J Phys Chem B 2003, 107,
568.

Spanhel L, Anderson MA. J Am Chem Soc 1991, 113, 2826.
Chu S, Yan T, Chen S. J Mater Sci Lett 2000, 19, 349.

Xiaohong Liu, Jinging Wang, Junyan Zhang, Shengrong Yang. Materials Science
and Engineering 2006, A 430, 248.

Ristic M, Music S, Ivanda M, Popovic S. Journal of Alloys and Compounds Letter
2005, 397, L1.

Lakshmi BB, Dorhour PK, Martin CR. Chem Mater 1997, 9, 857.
Rossetti R, Hall R, Gibson JM, Brus LE. J Chem Phys 1985, 83, 1406.
Ekimov Al, Efros AIL, Onushcenko AA. Solid State Commun 1985, 56, 921.

Dalas E, Kallitsis J, Sakkopoulos S, Vitoratos E, Koutsoukos PG. J Colleid
Interface Sci 1991, 14, 137.

Wei Zeng, Zhuo Wang, Xue-Feng Qian, Jie Yin a, Zi-Kang Zhu. Materials
Research Bulletin 2006, 41, 1155.

Mishra S, Mukherji A, Sonawane SH. Polymer-Plastics Tcchnology and
Engineering 2006, 45, 641.

Radhakrishnan VV. M.Tech Project, CUSAT 2003.
Nisha VS. Ph.D Thesis, CUSAT 2006.
Jing LQ, Xu ZL, Sun XJ, Shang J, Cai WM. App! Surf Sci 2001, 180, 308.

No-Kuk Park, Gi Bo Han, Jong Dac Lee, Si OK Ryu, Tae Jin Lee, Won Chul
Chang, Chib Hung Chang. Current App Phys 2006, 6S1, 176,

Hayashi S, Nakamori N, Kanamori H, Yodogawa Y, Yamamoto K. Surf Sci 1979,
86, 665.

Andres-Verges M, Mifsud A, Serna CJ. ] Chem Soc Faraday Trans 1990, 86, 939,
Andres-Verges M, Serna CJ. J Mater Sci Lett 1988, 7, 970.

Tanigaki T, Kimura S, Tamura N, Kaito C. Jpn J Appl Phys 2002, 41, 5529.
Wang JM, Gao L. ] Mater Chem 2003, 13, 2551.

Zhong XH, Knoll WG. Chem Commun 2005, 1158.

Morishige K, Kittaka S, Moriyasu T. J C S Faraday 1980, 176, 728.

Chen J, Feng ZC, Ying PL, Li MJ. Phys Chem Chem Phys 2004, 6, 4473.

Rusen Y, Yong D, Zhonglin W. Nano Lett 2004, 4, 1309,



Chapter 4

£ MODIFICATION OF ENGINEERING THER
Abstract

This chapter is divided into three parts. Modification of three
enginecring thermoplastics like [polyethylene terephthalate (PET).
polyamide 6 (PA 6) and polvcarbonate (PC)] using nano ZnQ is
discussed. Nanocomposites have been prepared through a simple melt
compounding route. Mclt compounded nano ZnOs have been shown to
act us effective nucleating agents for PET and P4 6 crystallization.
With increasing concentration of nano ZnQ, the mechanical and
dynamic mechanical properties improved, corresponding to an
effective reinforcement. The rheological characteristics revealed that
shear viscosity of the nano ZnO composites increased with increasing

concentration of nano ZnO and decreased with increasing shear stress.
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MODIFICATION OF POLYETHYLENE TEREPHTHALATE
USING NANO ZINC OXIDE

4a.1 Introduction

Poly (ethylene terephthalate) (PET) was first prepared in 1946' and hag
beeome one of the most widely used polymers. Because of its low cost and high
performance 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.>* 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)**

and inorganic fillers.'"?’

Recently, the composites of polymer/inorganic nanoparticles have attracted

%34 and have made great progress. One of the most

more and more attention
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.” **
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 additien,
nanofillers can serve as a nucleating agent to speed up crystallization and to

. .. 394
increase crystallinity.”**?

In this study we have used ZnO as a nucleating agent in PET matrix. The
effect of ZnO on the crystallization behaviour, thermal stability, morphology,
rheology, mechanical and dynamic mechanical property of the nanocomposites
were aﬁalyzed. 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 baving mixing chamber with a volume capacity of 69 cm’
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,
;nechanical 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 semicrystalline polymer and its properties are related to its
morphological features such as degree of crystallization, size and perfection of
crystallites.” Nucleating agents that have been mentioned in the literature
include metal oxides and hydrides, residual catalysts and diamide

44,45 46

segments. Several workers have reported the use of nanoparticles, such as

organically modified nano clays as crystallization promoters for a variety of

47,48 4 . - s - p
and nanotubes.” Previous investigations of PET-clay

polymers
nanocomposites have demonstrated that the degree of crystallinity decreased
while the rate of crystallization increased.™ 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 al.*’ On adding 2.0 wt% of nano ZnO, there is an increase of 2 °C in
Crystallization temperature for PP matrix is observed by Tang et al.”? and Zhao et
al.’ and on adding ZnO to PAN matrix crystallization temperature decreased.”

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 melj
compounded PET-ZnO nanocomposite samples was analyzed first with nop.
isothermal DSC experiments. The crystallization temperatures (T.), the apparent
melting temperatures (T,,), the corresponding enthalpies (AH, and AHy,) and the
degree of super cooling (AT= T~ T,) are also reported in table 4a.1.

Tahle 4a.1 Thermal characteristics for PET- Zn0 nanocompasite from DSC

Concentration T.¢C) AH, (J/g) T, (C) AH,,
of ZnO (wt%) Jg)
0.0 162.06 39.68 252.49 39.48

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 40.16 250.6] 40.51 472

3.0 204.52 39.23 250.12 39.86 45.6

Figure 4a.1 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 T, values indicated in table 4a.1. It is found that the composite
sample containing nano ZnQ 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 T¢
values continue to increase with increasing ZnO concentration, but at @
slower rate, as with further 100 fold increase in ZnO concentration from 0.03
to 3.0 wt%, the additional T, 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



ipucleation, possibly because of large surface area and good dispersion of
7nO. The melting temperature and enthalpies of PET stay unaffected. The
degree of supercooling (AT=T,-T,) may be a measurement of a polymer’s
crystallizability: the smaller the AT, the higher the overall crystallization
rate.* The AT values (figure 4a.2) for the PET-nano ZnO were 57-45 °C
smaller than that of neat PET (90 °C). So nano ZnO content affects the
crystallization rate and takes the role of a nucleating agent on PET
crystallization due to its enormous surface area.”™*® The results indicated that
the incorporation of ZnO nanoparticles had little effect on the degrec of
crystailinity of PET. Furthermore, the glass transition temperature (T,) of
nanocomposites resulted in a slight increase in value from 71 °C in the case
of neat PET to 74 °C. With increase in ZnO loading, T, remains unaffected.
This result suggests that the movement of PET chains is hindered by the

introduction of ZnO nanoparticles.

—*> Increasing ZnO concentraton from 0.0-3.0 wt %

Figure 4a.1 DSC cooling scans {20 °C{min from 300 °C melt} of PET-nano Zn0
compasite samples
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Figure 4a.2 Variation of degree of supercooling with concentration of Zn0

Figure 4a.3 shows the DSC cooling scans of PET-commercial ZnQ
composite samples. It is clear from the figure that on adding 0.03 wi%
commercial ZnO the crystallization temperature increases by 7 °C, and with
further addition there is not much change in the value. AH,, AH,, T, and T,
values remains constant with ZnO loading. T, of the composites slightly
decreases from 71 °C for PET to 68 °C for composites. The AT values for the
PET-commercial ZnO were 79-75 °C smaller than that of neat PET (90 °C).

> Increasing ZnO concentration from 0.0-3.0 wt%

X0

o e e e e i omm i ore [ £ o

150 160 170 180 190 200

. Figure 4a.3 DSC cooling scans of PET- commercial Zn0 nanocomposite samples



On comparing the crystallization temperatures of PET-ZnO nanocomposites
8sing two different ZnO samples, one with nano and another with commercial ZnO,
{figure 4a4) it can be seen that nano ZnO is a better nucleating agent than
commercial ZnO. T, increase is only about 10 °C on adding 3.0 wt% of commercial

Zn0, but for nano ZnO the increase is about 40 °C.

210

Crystallization temperature (° C)

0.1 0.5 1 2 3
Concentration of ZnO (wt %)

Bnano ZnO BECommercial ZnO

Figure 4a.4 Comparison of crystallization temperatures of PET- Zn0 nanocompasites using
nano and commercial Zn0

4a.3.1.2 Isothermal crystallization characteristics

Nano ZnO is found to be a better nucleating agent than commercial ZnO.
Typical isothermal crystallization curves of the PET- nano ZnQO composite
samples at four temperatures (195 °C, 200 °C, 205 °C, 210 0C) is shown in figure
4a.5. The time corresponding to the maximum in the heat flow rate (exotherm)
Wwas taken as peak time of crystallization (f,ea). Such peaks are seen at each of
the four isothermal crystallization temperatures for the 0.03 wi% ZnO containing
hanocomposite, with the earlier or faster crystallization (smaller tyeu)
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 °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

hanocomposite sample with 3.0 wt% ZnO, the rate of crystallization is so fast



near the lowest temperatures 195 0C, 200 OC, 205 OC that most crystallizatiog
occurs already during the cooling scan (60 °C/min) employed to reach those
temperature, resulting in absence of exothermic peak in the heat flow curves g

those temperatures.
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Figure 4a.5 Heat flow during isothermal crystallization of PET- nano Zn0 composite samples

The peak time of crystallization at cach of the temperatures for all the PET--
ZnO nanocomposite samples is plotted against the isothermal crystallization

temperature (figure 4a.6). We notice that the tp.. values for the nanocomposite



fgamples reduced to less than 50 % as compared to neat PET due to the presence
;‘bf 7pnO at concentration as low as 0.03 wit%. With the increasing ZnO
‘concentration, there is further increase in the crystallization rate (as indicated by
the decrease in tea value), demonstrating the role of ZnO in enhancing the rate

of crystallization.
< 35
E 3
g 0.03Y
E 25 03%
| =
e 2
]
N
= 15
8
> 1
S 05
P
o 0

190 195 200 205 210 215

Crystallization temp {°C)

Figure 4a.6 Effect of nane Zn0 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.”’ 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 (T;) (°C), the
temperature at which the rate of decomposition is 10 % (Tp), the
temperature at which the rate of decomposition is maximum (T,,.) (°C), the
temperature at which the rate of decomposition is 50 % (Tsgy), 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 °C and the peak
rate of degradation is 2.024 %/min at corresponding T 443 °C and in



nanocomposites, T; is 383 °C on adding 3.0 wt% of nano ZnO, indicatin‘Y
improved thermal stability of the nanocomposite. The T, temperature algq
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 rate of decomposition decreased frop,
2.024 to 1.749 %/min. This increase in the thermal stability of the
nanocomposites may result from the strong interaction between the nano ZpQ

and PET. On adding commercial ZnO, thermal stability remains unchanged,
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Figure 4a.7 Thermogravimetric traces of PET- nano ZnQ composite samples {lower curves with
increasing Zn0 concentrations 0.0, 6.03, 1.0 and 3.0 wt%)

Table 4a.2 Degradation characteristics of PET and its nanocomposites

Concentratiox] T; CO) | Tww Peak Residue at | Tspo, | Peak rateﬁﬁ?
of ZnO Onset | (°C) | temperature 800.°C (%) ‘O de°°"?P° s1tio
temp (Tad) CC) (%a/min) ¢

0.0 358.69 | 401 | 443.01 1043 |443.19]  2.024

0.03 379.04 | 405 443.76 10.43 1443.30 1.849

1.0 379.04 | 405 44451 12.05 444.66 1.783

3.0 38395 | 405 445.43 12.05 [444.66 1.749
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Figure 4a.7 Differential thermogravimetric traces of PET-Zn0 nanocomposites

4a.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 initial 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 Jow concentration of ZnO. It is clear from figure that there is

no degradation taking place during mixing.
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Figure 4a.8 Torque-time curves of PET nanocomposites

4a.3.3.2 Tensile properties

The most imporiant property of nanocomposites is the enhancement in
mechanical propeities even at low percentages of the nano filler loading. The tensile
strength may vary strongly depending on the nature of the interactions between the
filler and the matrix. Zhao et al.”' 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 compasite

Concentration | Tensile | Tensile |Elongation| Shore D | Energy

of ZnO (wt%) | strength | modulus| (%) hardness { 10 max
MPa) | (Gpa) )

0.0 39.99 1.156 5.47 51 0.5342

0.03 - 40.86 1.193 4.79 58 0.6158

0.1 43.26 1.241 4.25 62 0.7856

0.5 44.79 1.273 3.61 67 0.8465

1.0 45.83 1.314 3.15 73 0.8912

2.0 49.44 3.546 3.01 82 0.9566

3.0 54.42 3.752 2.96 91 1.284




The results in table 4a.3 shows an increase in the tensile 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 tensile strength is about 15
9% 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.ll) 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 meoedulus

remains almost constant.

So composites prepared from nano ZnO can attain superior
performance over commercial ZnO. This high reinforcement cffect 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.



Chapter-4

Table 4a.4 Tensile properties of PET-commercial ZnQ composite

Concentration | Tensile | Tensile | Elongation{ ShoreD |Energy
of ZnO (wt%) | strength | modulus (%) hardness a))
0.0 39.99 1.156 5.47 51 0.5342
0.03 39.61 0.961 5.25 58 0.4982
0.1 37.92 0.851 5.01 62 0.4367
R A B S I
0.5 37.65 0.847 4,12 05 0.4358
s N — . S R S
1.0 35.2 0.839 4.79 69 0.4138
_ -— R S R
2.0 35.01 0.821 4.25 069 0.3561 .
- — S S _ WA
3.0 34.98 0.805 3.82 68 0.3906 191.2
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Figure 4a.9 Variation of tensile strength with concentration of nano Zn0
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Figure 4a.11 Variation of tensile toughness with concentration of nano Zn0

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

clear that madification has taken place in PET matrix.
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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 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
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 pano 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 deformation. Indeed, stress
whitening is due to the scattering of visible light and can be attributed to the various
processes that can take place in the polymer, such as matrix crazing, matrix shear

yielding, and filler/matrix debonding.”® In PET-ZnO nanocomposites; shear yielding



is the reinforcement mechanism. There is complete stress transfer from the PET
matrix 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.

{e)

Figure 4a.13 Fracture surface for (a) pure PET (b) PET-nano Zn0 composite
(c) PET-commercial Zn0 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 ZnQ
at the level of 3.0 wt% modulus increases by around 286 % and strength by
around 20 %. With commercial ZnO, the flexural modulus remains almogt

constant and a slight increase in strength is observed.
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Figure 4a.14 (a) Comparison of flexural strength of PET-Zn0 nanocomposites and
(b) comparison of flexural modulus of PET-Zn0 nanocomposites






the elastic phase and the viscous phase in the polymeric structure. This is relateq
to the impact properties of a material. It represents the ratio of the dissipateq
energy to the stored energy and is related to the glass transition temperature of
the polymer. It has been suggested®’ ™ that the enhancement of the storage
medulus and glass transition temperature results from the strong interfacia]
interactions between the polymer and filler and the restricted segmental motiong
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.’' Thig
is expected owing to the stiffness improvement effect of inorganic ceramic

particles.

The DMA results for the dynamic storage modulus of the PET-ZnQ
nanocomposite samples as a function of temperature at | 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 of nanocomposites at 35 °C, 50 °C & 80 °C is given in table 4a.5.

Table 4a.5 Storage moduius of PET- ZnQ nanoeomposites at 35 °C, 50°C & 80 °C

o \

J L EA

Storage Storage Storage

t

Sample modulus at | modulus at. | modulus at:
35°C (MPa) | 50°C (MPa) | 80°C (M%

GRS

%4

PET alone 1176 1121 468
PET-0.03 wt% nano ZnO 1445 1405 469
PET-3.0 wt% nano ZnO 1586 1543 432

PET-t.0 wt% commercial ZnO 1128 1101 397




Figure 4a.17 shows tan & versus temperature plots for PET-ZnO
papocomposites. It is evident from the figure that there is not much difference in
the height of the tan & 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 3
peak it is clear that with nano ZnO only a slight increase in glass transition
temperature is observed, but it decreases by around 10 °C with commercial ZnO.
Loss modulus curves for the PET- nano ZnO composite is given in {igure 4a.18.
T,, loss modulus and tan § 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 T, value of DMA than that of DSC is due to the

frequency difference between these two measurements.
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Figure 4a.16 Effect of Zn0 concentration on the storage modulus of PET-Zn0
nanocomposite samples
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Figure 4a.18 Loss modulus curves of PET- nano Zn€} composites

With the addition of nano ZnO, loss modulus values increases and on

adding commercial ZnO, modulii remains constant.
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Table 4a.6 T, loss modulus and tan & values of PET-Zn0 nanscompaosite samples

Sample : mcl;(‘;lsn:us T, °C (from llefatl;:zgl:;s
(MPa) tan 6 peak) T,
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 | 1463 | 70.2 0.3455

It was observed that the modulus, E*= (loss modulus * + storage modulus %) *
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
panoparticles as physical anchorage points is relatively insignificant. The mobility
of molecular chain segments is largely determined by entangling conditions.
Therefore, T, of PET does not have a clear variation with the addition of nano
Zn0O. The T, of PET- nano ZnO composites slightly increases with ZnO content,
because ZnO nanorods having larger aspect ratio can restrict the segmental
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

Zn0, T, 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 terms of tan & peak values of the
lanocomposites has been done. The variation of the impact strength as a function of
the total loss tangent peak values for PET-nano ZnO composites and PET-
Commercial ZnO composites is shown in figure 4a.19 & 4a.20 respectively. The
Curves show a non-linear shape and features similar to those of curve depicting the
variation of jmpact 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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Figure 4a.19 Variation of the impact strength of PET- nano ZnD composites as a function of
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Figure 4a.28 Variation of the impact strength of PET- commercial Zn0 composites as a
function of the total loss tangent peak values

4a.3.5 Melt rheology

It is believed that the rheometry has been recognized as a powerful tool for

3% such as the state of

investigating the internal microstructures of nanocomposites
dispersion of filler and the confinement eftect of fillers 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
jn the nanocomposites. The measurement of rheological behaviours of
panocomposites has received prominent attention recently because most
fabrication techniques involve flow of the polymer melt. Rheological studies
were done on polymer layered silicate nanocomposites. Giannelis’ and Manias®®
found that the steady- state shear viscosity of a series of polydimethylsiloxane
panocomposites 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 filler under shear and polymer coils. Galgali et
al.¥ investigated creep behavior of molten polypropylene/organoclay
nanocomposites, revealing that the sohd-like rheologial response of the
panocomposite originates from large frictional interactions of the clay
crystallites. The influence of matrix molecular weight in the case of nylon 6/clay
nanocomposites was also examined by Fornes et al.”’ via dynamic and steady shear
capillary tests. They found that high molecular weight nylon 6 nanocomposites
exhibited solid-like, non-Newtonian behaviour while the nanocomposites with lower
molecular weight nylon 6 displayed Newtonian plateaus at low shear frequencics.
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 weight matrix. More recently,
Kim et al.”" investigated the rheology of polystyrene nanocomposites based on
either inorganical montmorillonite or organically modified montmorillonite and also
observed a shift from liquid-ike to solid-like behaviour, proving the formation of a
supermolecular structure in the nanocomposites. Beyond the xvofk mentioned above,
Lim et al.” examined the preference of the intercalating competttion in a binary
polymer blend of poly (ethylene oxide) (PEO) and poly (methyl methacrylate)
(PMMA), confirming better affinity of PMMA for organoclay than PEO. Kim et
al.™ prepared high impact polystyrene (HIPS)/organcclay 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.*



The rheological behaviour of PET-ZnO nanocomposites is studied at three!
different temperatures 250, 260 & 270 °C. Effect of shear stress, filler loading andj

temperature on rheological behaviour is also investigated.
42.3.5.1 Effect of shear stress on shear viscosity

Figure 4a21 present the shear viscosity vs. shear stress curves of PET-nang
ZnO composites at 260 °C with increasing ZnO concentration from 0.0-3.0 wt%. We
also examined the flow behaviour of PET nanocomposites filled with 1.0 9
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 randomly 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).”’ It is just this pseudoplasticity that makes the
nanocomposites to be easily melt-processed. Effect of temperature on shear viscosity
of PET nanocomposites filled with 1.0 % nano ZnO 1s given in figure 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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Figure 4a.21 Effect of shear stress on shear viscosity of PET-Zn0 nanocomposites
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Figure 4a.22 Effect of temperature on shear stress vs. shear viscosity

4a.3.5.2 Effect of filler loading

Since entanglement 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 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

: 71,72
given shear rate.’"’



03~ - - - -

= 028

S o026  260°C

= 024

2 02,

g o2 £ £

2 018" g

» 016 8 = =

S 014 < 3 £
012 N H £
01 - DN = =

0 0.03 1 3
Concentration of ZnO (wt%)

#0.01333 mO0.1333 B066667 B1.3332 D26664 B6.6667

Figure 4a.23 Variation of shear viscosity with concentration of Zn0 and shear
rates at 260 °C

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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Figure 4a.24 Variation of shear viscosity with concentration of commercial ZnD at four
different shear rates at 260 °C



4a.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 °C, demonstrating that increasing temperature improves
the flow behavior of the polymer melts. However, the eftect 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 aiways accompanied by a rapid decrease of the entanglement
density of macromolecules and the melt viscosity.”” The temperature dependence

of shear viscosity can be stated by Arrhenius—Lyring equation,”™

. =A, exp (E/RT) 4a.l

Where 1, 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 E, is taken to be the activation 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 Inn, vs. I/T, which has proved the appropriateness of the Arrhenius—
Eyring equation. Values of E, 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 materijal 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 remaing

a constant at higher shear rate,
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Table 4a.7 Activation energies of PET- nano Zn0 composites at two shear rates

’rConcentration of ZnO Activation energy (KJ/mol)
(wt%)
0.66667/s 2.6664/s
T 0.0 13.7 432
0.03 14.2 40.1
- . 40,
s wer e
1.0 25.6 43.2
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 1. Flow behaviour index values
of PET- nano ZnO composites at 260 °C and 270 °C 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.””®

0.6
05
04
03
0.2

01 : [

Flow behaviour index

0 0.03 0.5 1 3
Concentration of ZnO (wt%)

H250°C W270°C

Figure 4a.26 Variation of meit flow index with concentration of Zn0 at two temperatures



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.*’¥

4a.3.5.5.1 Effect of shear rate and concentration of ZnQO

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 ZnQ 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.
Furthermore, 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.¥ 1t 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) *, TiO,-filled
HDPE composite™ and glass bead-filled LDPE composite.”’ Li et al.”” supposed it is
the combined effect of the melt elasticity of the continuous phase, the extent of
deformation 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. Tt 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 ZnQ particles counteract at a certain degree, the positive contribution of the
continuous phase to die swell. The more the ZnO content, 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 melit elasticity.%

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 confirmed 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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Figure 4a.27 Variation of die swell ratio of PET-nano ZnD composites with concentration of
ZnQ at different shear rates
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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

phomgmphs.
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Figure 4a. 30 Extrudate photographs of (a) neat PET and (b) PET- nano Zn0 composites filled
with 1.0 % Zn0 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 (f) 6.6667/s



MODIFICATION OF POLYAMIDE 6 USING NANO ZINC OXIDE

4b.1 Introduction

Advanced polymer composites are replacing metals in many bearing apg
gear applications owing to its lightweight and economic fabrication. Polymers
have poor mechanical strength compared with metals and are reinforced wity,
fillers to improve the mechanical properties.”’ 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, printability
etc.). Polyamide 6 (PA 6) is a semicrystalline 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, films and as injection-

%29  The mechanical properties and the

moulded engineering plastics.
crystallization rate can be modified by the addition of inorganic fillers.”® Fillers
widely used are calcium carbonate, talc, silica, clay, glass fibre etc. which play
an important role in the plastic filler market.””*® 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.'®

This study is aimed at producing PA 6 nanocomposites with varying ZnO
concentration and analyzing them for their crystallization, mechanical, dynamic

mechanical and rheological properties.
4b.2 Experimental

A simple melt-compounding route was adopted for the preparation of PA 6-
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 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, 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.
4b.3 Results and discussion
4b.3.1 Differential scanning calorimetry
4b.3.1.1 Non-isothermal

There are a few publications in the research literature that focus on polymer
crystallization via nanoparticles of zinc oxide.'® 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 Y-

crystalline form of PA 6 from the melt.”®

In this section we compared the crystallization characteristics of PA 6 matrix
using nano and commercial ZnO. The effect of nano ZnO on the crystallization
characteristics of melt compounded PA 6-ZnO nanocomposite samples was
analyzed first with non-isothermal DSC experiments. The crystallization
temperatures (T.), the apparent melting temperatures (T,), the corresponding
enthalpies (AH, and AH,,) and the degree of supercooling (AT= T,- Tc) are also
reported in table 4b.1.

Table 4b.1 DSC determined thermal characteristics of PA 6-nano Zn0 composite samples

0.0 182.31 61.95 215.72 62.55 334
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
20 198.05 51.58 217.80 62.86 19.7
3.0 200.23 52.58 219.58 59.96 19.3




Figure 4b.1 shows the DSC cooling scans of PA 6-nano ZnO composite
samples. During cooling from the melt, the ZnO containing samples shoy
crystallization exotherms earlier than neat PA 6, as also seen from the
corresponding T, values indicated in table 4b.1. 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 PA 6 as the cooling nanocomposites melt crystallizes at 5
temperature 10 °C higher as compared to neat PA 6. The T, 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 T,
increase is only about 8 °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

1'%, Aharoni et al.'"” and Fornes et al.”” have

good dispersion of ZnO. Khanna et a
reported an increase in crystallization temperature. The melting temperature and

enthalpies of PA 6 stay unaffected.

The AT values for the PA 6-nano ZnO were 25-18 °C smaller than that of
neat PA 6 (33 °C) (figure 4b.2). From these results nano ZnO content affects the
crystallization rate and takes the role of a nucleating agent on PA 6
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 PA 6. Tjong et al. also observed this behaviour in LDPE- ZnO
nanocomposites.'® Furthermore, the glass transition temperature (T, of
nanocomposites resulted in a slight increase in value from 83 °C in the case of
neat PA 6 to 84 °C. With increase in ZnO loading, T, remains unaffected. This
result suggests that the movement of PA 6 chains is hindered by the introduction

of ZnO nanoparticles.
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Figure 4h.3 DSC cooling scans of PA 6-commercial Zn0 nanocomposite samples

Figure 4b.3 shows the DSC cooling scans of PA 6-commercial ZnO
nanocomposite samples. On adding commercial ZnQO, the total increase in
crystallization temperature were 1 °C and AH,, AH,, T. and T, values
remains constant with ZnO loading. T, of the nanocomposites slightly
decreased from 83 °C in the case of neat PA 6 to 81 °C. The AT values for
the PA 6-commercial ZnO composites remain a constant near the neat PA 6
value (33 °C). So it is clear that commercial ZnO is not a nucleating agent for
PA 6 matrix since there is no change in the crystallization rate of PA 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. T, increase is only about 1°C
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.






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 form 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 crystallizatiopn
temperature (figure 4b.6). We notice that due to the presence of ZnO the t, values
for the nanocomposite samples reduced to less than 50 % as compared to neat PA
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 ty,,),

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- nano Zn0 composite samples
at four temperatures {190 0C, 195 0C, 200 0C and 205 o)
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Figure 4b.6 Effect of nano Zn0 concentration on the peak crystallization time of the
nanocomposites at different isothermal crystallization temperatures

4b.3.2 Thermogravimetry

The TG and DTG curves of neat PA 6 and its composites using nano ZnO are
given in figures 4b.7 & 4b.8 respectively. The temperature of onset of degradation T;
(°C), the temperature at which the rate of decomposition is 10 % (T, (°C), the
temperature at which the rate of decomposition is maximum (T,.) (°C), the
temperature at which the rate of decomposition is 50% (Tse, ) (°C), the peak
degradation rate and the residue at 800 °C are given in table 4b.2. PA 6 degrades in a
single step. The degradation starts at a temperature of 315 °C and the peak rate of
degradation is 2.914 %/min at corresponding T 431 °C and in nanocomposites, T;
15 330 °C on adding 3.0 wt% of nano ZnO, indicating improved thermal stability of
the nanocomposites. The Tpy 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
Zn0, residue increased to 5.415 %. Peak rate of decomposition decreased from
2.914 to 1.915 %/min. This increase in the thermal stability of the nanocomposites

may result from the strong interaction between the nano ZnO and PA 6 molecules.



But on adding commercial ZnO, themal stability slightly decreases (figure 4b.9)

The Trax temperature decreases from 431 °C to 426 °C on adding 1.0 wy,

commercial ZnO.

Weight (%)

800

Temperature (°C)

10;00

Figure 4b.7 Thermogravimetric traces of PA 6 - ZnD nanocomposite samples (lower curves
with increasing Zn0 concentrations 0.0, 0.03, 1.0, 3.0 wt%)

Table 4b.2 Degradation characteristics of PA 6 and its nanocomposites

‘ " >T ( °C T _’ Residue + Peak xfatejof Te s - _

Conc_fe;:lr(a)ﬁon 10 ‘“ -at 800 °C | decomposition A% Tz (C)
oranD | Omset | CO) | (%) (%/min). | €O

0 315 | 332 | 0.2531 2.914 428 431
—_—— ——‘_TL——f A,___.L. [P S— —_— _— ’—

0.03 330 | 343 | 3.199 % 2.058 434 442

1.0 351 | 363 4.443 2,172 | 439 460

- _—— e — L gf %
3.0 378 ’ 372 ) 5.415 1.915 451 489
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Figure 4b.8 Differential thermogravimetric traces of PA 6- nans Zn0 composites
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Figure 4b.8 Thermogravimetric traces of PA 6 -commercial Zn0 nanocomposites



4b.3.3 Mechanical properties
4b.3.3.1 Torque studies

The variation of mixing torque with time of mixing at different Zpq
loading is shown in figure 4b.10. 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 ZnQO. 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 PA 6.
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Nanocomposites
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Figure 4b.10 Torque-time curves of PA 6 nanocomposites
4b.3.3.2 Tensile properties

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 Zn0 composites

cﬁx:ntmtibn:of '_femile Tensile | Elongation | ShoreD Energy Tensile
ZnO (Wt%) | strength | o000 %) hardness | tomax | toughness

LG R R (/)
T oo Jesst] uaw [ ousss | 0 [ nus |osm3

0.03 7160 | 1422 | 1623 73 1951 | 9658
o1 | 7642 | 1639 | 1291 | 80 | 2253 | 10627
T 05 | s022 | 1691 | 1102 | 81 | 3001 | 12000
1o 8232 | 1786 | 1122 | 85 | 3254 | 13016
T 20 84.67 | 1.790 1043 | 90 | 3489 | 15859
EY) 85.60 | 1.801 9.55 92 | 3678 | 1599.1

The necking phenomenon was observed in pure PA 6 and its composites at
about 1.0 wt% ZnQO. Table 4b.3 shows an increase in the tensile modulus and
strength of PA 6 with an increasing concentration of ZnQO 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
Zn0. 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 increasing loading of ZnO, indicating that the ductility of
neat PA 6 is reduced. Energy to maximum and tensile toughness (energy/
thickness of the sample) values increases (figure 4b.11) with filler loading.
These results demonstrate that even a small fraction of ZnO provide effective
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.'”



Comparison of tensile srength and modulus of PA 6 nanocomposites USing
commercial and nano ZnO (figure 4b.12 & 4b.13 respectively) showed that napg
ZnO gave better reinforcement to PA 6 matrix than commercial ZnO. The
improvement in tensile strength and modulus is about 7 % and 8 % respectively o
using 3.0 wt% commercial ZnO. Elongation, energy to maximum and tensile

toughness of PA 6-commercial ZnO nanocomposites decreases (table 4b.4).
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Figure 4b.11 Variation of tensile toughness of PA 8- Zn0 composites
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Figure 4b.12 Comparison of tensile strength of PA 6 nanocomposites using nano and
commercial Zn0
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Figure 4b.13 Comparison of tensile modulus of PA 6 nanocomposites using nano and
commercial Zn0

Table 4b.4 Tensile properties of PA 6- commercial Zn0 nanocomposites

Concentration | Elongation Shore D Energy Tensile
of ZnO (wt%) (%) hardness ) toughness
(J/m)
00 1898 [ 0 | s | 5273
0.03 18.67 72 1.109 4332
o0l R o | a6
05 coaepr [ 6% 1 ies | 4464
T 1001 | 3579
20 15.90 87 0987 | 3462
3.0 BRTYE 88 0785 | 3310

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
4b.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 tg
energy absorption. This is clear from the tensile toughness values given in figure
4b.11. So it is clear that modification has taken place in PA 6 matrix on adding

nano ZnO.
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Figure 4b.14 Stress-strain curves for (a) neat PA 6 (b) PA 8- Zn0 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 of PA 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.15 (c)], the particles are

pulled away immediately upon application of stress, as this may reduce the

elastic modulus.

(a) (b)

(e)
Figure 4b.15 SEM images of (a) neat PA 6 (b) PA 6- nano Zn0 composite
(c) PA 6- commercial Zn0O composite



4b.3.3.4 Flexural properties

A comparison of flexural strength and modulus of PA 6-ZnQ
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 Zn(
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 interfacia)
interaction of nano ZnO with PA 6 matrix, With commercial ZnO, the flexura]

modulus and strength decreases.

Flexural strength (MPa)

2111
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Concentration of ZnO (wt%)
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4h.16 (a) Comparisen of flexural strength of PA 6 nanecomposites using
nano and commercial Zn0
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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 ZnQ, the increase is about 53 % on adding 3 wt% of ZnO. The addition of
nano ZnO did not increase the 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 4b.11. 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'® 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 deformation
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.'”!'"° 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.15(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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Figure 4b.17 Comparison of impact strength of PA 6 nanocomposites using nano and
commercial Zn0



4b.3.4 Dynamic mechanical analysis (DMA)

The DMA results for the dynamic storage modulus of the PA 6-ZnO
nanocomposite samples as a function of temperature at 1 Hz are shown in figure
4b.18. A slow 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. But modulii decreases with addition of
commercial ZnO. The storage modulus of nanocomposites at 35 °C, 50 °C & 80°C is

given in table 4b.5.

Table 4b.5 Storage modulus of PET- Zn0 nanocomposites at 35 °C, 50°C & 80 °C

. ¢ | Storage | - Storage.
i . 'Stor_ag“e. . | 'modulus | modulus at
Sample: {- modulus at o o Qn O
: . | 38°¢ (MP&) | at50°C. 8!) C-‘
' AN vPa) | (vPay
PA 6 alone 396 334 287
PA 6/0.03 wt% nano ZnO 467 403 283
S ) S S S
PA 6/1.0 wt% nano ZnO 492 431 295
PA 6/3.0 wt% nano LnO 1373 1235 855
PA 6/0 03 wt% commercml Zn0O 354 3 14 256
- U
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 dereased 1o about 21 %.
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Figure 4b.18 Effect of Zn0 concentration on the storage modulus of PA 6- Zn0
nanocomposite samples
Figure 4b.19 shows tan 8 versus temperature plots for PA 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 d peak it is clear that with ZnO addition there is no significant change
in glass transition temperature. Loss modulus curves for the PA 6-Zn0O
composite are given in figure 4b.20. T, loss modulus and tan § values of PA

6- ZnO nanocomposite are given in table 4b.6.
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Figure 4b.19 Effect of ZnQ concentration on the tan 3 of PA 8- Zn0O nanocomposite samples
[lower curves with (a} to {f)]
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Figure 4b.20 Loss modulus of PA 6- Zn0 nanocomposites [lewer curves with (a) to {f)]



With the addition of nano ZnO loss modulus values increases. T valueg
slightly increases on adding nano ZnO. On adding commercial ZnO, T, valye

and loss modulus decreases.

Table 4b.6 Ty, loss modulus and tan 3 values of PA 6-Zn0 nanocomposite samples

| . :Lcss modulus T, CC) ;

. © (MPa) . ‘ e

Sample " atgoec |  (from. tan §-

, o tan 8 peak) '
i PA 6 al)oiia__ L 16.9 - %3.25 74_(}958\9

PA 6/0.03 wt% commercial ZnO 15.3 82.45 0.0601
PA 6/1.0 wt% commercial ZnO 144 82.95 0.06?8*
PA 6/0.03 wt% nano ZnQ 17.8 84.90 | 0.0632—-

PA 6/1.0 wt% nano ZnO 19.3 7] 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) “ 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
nanoparticles as physical anchorage points is relatively insignificant. The
mobility of molecular chain segments is largely determined by entangling
conditions. Therefore, T, of PA 6 does not have a clear variation by introduction
of the nano ZnO particles. The T, 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 folding. But in the case of commercial ZnO nanocomposites

due to the coarse nature of ZnO, T, value decreases.

Correlation of impact and dynamical properties in terms of tan & 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 PA 6-nano ZnO
composite and PA 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
7nO. 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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Figure 4b.21 Variation of the impact strength using nano ZnQ as a function of the total loss
tangent peak values
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Figure 4b.22 Variation of the impact strength using commercial Zn0 as a function of the total
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4b.3.5 Melt rheology

The rheological behaviour of PA 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.3.5.1 Effect of shear stress on shear viscosity

Figure 4b.23 present the shear viscosity vs. shear stress curves of PA 6- zpQ
nanocomposites at 230 °C with an increasing ZnO concentration from 0.0-3.0 wt¢;,
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 compositeg
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 orent,
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 PA 6 nanocomposites filled with 1.0 % nano ZnO is given in figure 4b.24. Witha
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 °C.
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Figure 4b.23 Effect of shear stress on shear viscosity of PA 6- Zn0 nanecomposites
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Figure 4b.24 Effect of temperature on shear stress vs. shear viscosity plots

4h.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 4b.25 shows the variation of shear viscosity with increasing concentration
of nano ZnO from 0.0-3.0 w1% at six different shear rates. It is clear from the
figure that shear viécosity 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 4b.25 Variation of shear viscosity with concentration of Zn0 and
shear rates at 230 °C
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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Figure 4b.26 Variation of shear viscosity with concentration of commercial Zn0 at six
different shear rates at 230 °C
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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 on 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 °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.”” 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 Inn, vs. 1/T, which
has proved the appropriateness of the Arrhenius—Eyring equation. Values of
E. obtained from the slopes of these plots are given in table 4b.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 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.



0.16
2 0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

4.1

Log shear viscos

Shear rate (0.1333/s)

42

4.3 44 4.5 4.6

1T (10% °C)

—=—0.00% —a&— 0.03% —e— 0.50% —0— 1.00% ——3.00%

{a)

0.3

o
N

Log shear

O
-

[ QS —
4.1 4.2

—e— 0.00%
—— =« 1.00%

Shear rate (2.6664/s)

1

= ey
43 44 45 46
1T (107 °C)
—&—003% —e—050

- 3.00%

%

(b)

Figure 4b.27 (a) & (b} Variation of log viscesity with 1/T for the PA 6- nano Zn0 composites at two

shear rates

Table 4b.7 Activation energies of PA 6- nano Zn0 composites at two shear rates

N I Activation
-ancgft(-r‘::izl; ofZn0 . __energy (KJ/mol) R
I 0.1333/s ~ -2.6664/s
0.0 1111 47.99
SN oS (Ul SN
0.03 11.12 52.65 o
0.5 11.52 3699
1.0 11.72 | 2355 o
3.0 13.22 26.21




Modification of Engineering Thermoplastics Using Nano Zinc Oxide

4b.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 1. Flow behaviour index
values of PA 6- nano ZnO composites at 230 °C and 240 °C 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.”
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Figure 4b.28 Variation of melt flow index with concentration of Zn0 at two temperatures

4b.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.

4b.3.5.5.1 Effect of shear rate and concentration of ZnO

Figure 4b.29 shows the plots of the die swell 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 increasing 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 wit,
a rise of ZnO content. Figure 4b.30 shows the variation of die swell ratio of PA ¢
nanocomposites filled with 1.0 % commercial ZnO at different shear rates. Die

swell ratio remains constant with ZnQ loading.
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Figure 4b.29 Variation of die swell ratio of PA 6-nano ZnO compesites with concentration of
Zn0 at different shear rates

25 - - —

, s e g e T T B
- - =

'.2. — . ——- — o cmmm = o =
E 1.5 r - - - - - - - - -
-6 JEEne SEEDE CEEDS S S— —— RIS S
% {1 e = & e e = e - w = - ‘l
2 ‘.
Q ’ \
0.5
0+ —— — . )
0 0.2 0.4 0.6 0.8 1 1.2

Concentration of ZnO (wt%)

= = 0.01333 === =0.1333 = = (0.66667
= 13332 = = =2.6664 6.6667

Figure 4b.30 Variation of die swell ratio of PA 6- commercial Zn0 composites with
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4b.3.5.5.2 Effect of temperature

Variation of die swell ratio of PA 6-nano ZnO composites at 3 different
temperatures is given in figure 4b.31. 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- nano Zn0 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

87.88

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 wa)|
in the capillary.** Moreover, there may be an effect at the exit as well. Shey;

thinning behaviour of the nanocomposites is clearly visible in these photographsg.
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Figure 4b.32 Extrudate photographs of (a) neat PA 6 and (b) PA 6- nano Zn0 composites filled
with 1.0 % Zn0 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 (f) 6.6667]s



MODIFICATION OF POLYCARBONATE USING NANO ZINC OXIDE

4c.1 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,
stiffness, transparency, heat resistance, ductility, and impact resistance.''” 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.”3 PC was modified in many different ways, particularly by blending
with polyolefin resin such as polyethylene (PE), polypropylene (PP) for use in
demanding applications when its outstanding notched impact strength is
important.''*'!¢ 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.''™'® There is very little
information available in the literature relating to polycarbonate nanocomposites. In
pninciple, addition of well-dispersed nanofillers to polycarbonate could preserve the
optical clarity of this amorphous polymer. The promise of transparency plus
improved stiffness and scratch resistance make a compelling case for exploring
polycarbonate nanocomposites, particularly if toughness could also be preserved.
Recently, Huang et al. reported polycarbonate-layered silicate nanocomposites
prepared by two different methods.'"

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 pg,
ZnO nanocomposites. The melt compounding was performed on a Thermg
Haake Rheocord 600 mixing chamber with a volume capacity of 69 cm® fitted
with a roller type rotors operating at 40 rpm for 10 min at 240 °Q,
Nanocomposites at different concentrations (0.0-3.0 wi%) of ZnO wepe
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 detailg

summarized in sections 2.3 of this thesis.

4¢.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

120

to obtain a well-developed spherulite. ™ The half time of crystallization of PC

with a molecular weight higher than 17,000 is more than a week.””’ Both

122,123 124,125

solvents and vapours have been used to induce crystallization in PC.
However, due to the higher residue of solvents in the crystailized 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 (SCCOz)-m
In the absence of CO,, clay itself does not change the crystallization behaviour
of PC under experimental conditions. In the presence of CO,, 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.'?’



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 T, values were
very close to that of the PC control on adding nano ZnO (figure 4c.1) and the
value increases with the increase of the commercial ZnO concentration
(figure 4¢.2). The T, value of PC is 157 °C. On adding 1.0 wt % commercial
ZnO T, value decreases to 150 °C. It is clear that the system is more

compatable with nano ZnO.
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Figure 4¢.1 BSC curves of PC- nane Zn0 composites
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Figure 4¢.2 BSC curves of PC- commercial Zn0 composites

4¢.3.2 Thermogravimetry

The TG and DTG curves of neat PC and its composites using nano ZnQO are
given in figures 4¢.3 & 4c.4 respectively. The temperature of onset of degradation T;
(°C), the temperature at which the rate of decomposition is 10 % [Tyg, (°C)], the
temperature at which the rate of decomposition is maximum (T,,) (°C), the
temperature at which the rate of decomposition is 50% [Tsw, (‘C)], the peak
degradation rate and the residue at 800 °C are given in table 4¢.1. 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 Ty, 430.22 °C and in nanocomposites,
T; is 283 °C on adding 3.0 wt% of nano ZnO, indicating improved thermal stability
of the nanocomposites. The T, temperature also showed improvement in thermal
stability. Residue at 800 °C 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 ZnO, thermal stability of PC remains unattected (figure 4c¢.5).
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Table 4c.1 Degradation characteristics of PC and its nanocomposites

Temperature {°C)

Figure 4c.4 Difterential thermogravimetric traces of PC- nano Zn0 composites

::.:"Concentration ;I‘ ! T, Res;((i)l(;e Peak rat(f ?f T | (Twmax)
- of ZnO O €C) at decomposition €O €C)
Onset °C (%) (%/min)

0 264 | 377 15.31 3.032 420 430
0.03 267 | 381 15.55 1.039 421 426
1.0 273 1421 18.07 1.172 472 480
3.0 283 | 426 19.36 [.128 478 490
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Figure 4¢.5 Thermogravimetric traces of PC- commercial Zn8 composite

4¢.3.3 Mechanical properties
4¢.3.3.1 Torque studies

The variation of mixing torque with time of mixing at different ZnO
loading is shown in figure 4¢.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 degradation taking place during
the mixing stage. Similar trend in torque is observed when commercial ZnQ is

mixed with PC.
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Figure 4¢.6 Torque-time curves of PC- Zn0 nanocompesites

4¢.3.3.2 Tensile properties

The effects of the nano ZnO on the mechanical properties are summarized

in table 4c¢.2.

Table 4¢.2 Tensile properties of PC-nano Zn0 compesites

“Concentration | Tensile | Tensile Elongation | Shore D |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
003 | 728 | 2365 | 6817 | 76 | in | s;ss
o | o7as {2300 | oem2 | 76 (o987 | 47
Cos | 7o | a8 | oeess |71 |oges| 4038
o T owa [amt | ess | s oo | 109
20 | sist | 2460 | 6272 | 8 | 0936 | 3906
30 | w26 | 2523 | 620 | 8 |0850| 3689

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 aboy
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 reinforccment only less than 1% ZnO is
necessary. The Shore D 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 filler 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 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.

500

:

300 |

Tensile toughness (J/m)
N
8

3

T

0 003 01 05 1 2 3
Concentration of ZnO (wt%)

Figure 4¢.7 Variation of tensile toughness with concentration of Zn0
Comparison of tensile srength and modulus of PC nanocomposites using

commercial and nano ZnO (figure 4c.8 & 4c.9 respectively) shows that only
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Figure 4c.9 Comparison of tensile modulus of PC- Zn0 nanocomposites

Stress-strain curves for PC and

its nanocomposite is shown in figure 4¢.10.

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 4¢.10 Stress-strain curves for PC- Zn0 nanocomposites

4¢.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.11 (a) shows the fracture surface of neat PC, which
showed the ductile behaviour. Figure 4c.11 (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.11(c) where we can see large agglomerate and the dispersion is

inhomogeneous.
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Figure 4¢.11 SEM images of (a) neat PC, (b) PC- nano Zn0 composite
(c) PC- commercial Zn0 composite

4¢.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, uniform

dispersion and good interfacial interaction of nano ZnO with PC matrix. On



adding 3.0 wt% commercial ZnO, the flexural modulus and strength decreased 1,

about 12 % and 7 % respectively.
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Figure 4¢.12 (a) Comparison of flexural strength of PC- Zn0 nanocomposites
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Figure 4¢.12 (b) Comparison of flexural modulus of PC- Zn0 nanocomposites



4¢.3.3.5 Impact strength

PC is a ductile polymer and possesses very high impact strength. PC
nanocomposites exbites lower impact strength than neat PC (table 4¢.3). This is
evident from the area under the stress-strain curve given in figure 4c.10. 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 al."’ Loading 1.0 wt% nano
7nO and commercial ZnQ, 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 4¢.3 Impact strength of PC nanocomposites

Concentration of | fmp actstrength
Zn0 (wt%) | | . (commercial ZnQ'
S _comppsites)
0.0 298.1
003 a9
0.1 289.7
;“—&0.5 - 255.7 -
T 2542
BT | e
3.0 242.9

4¢.3.4 Dynamic mechanical analysis (DMA)
The DMA results for the dynamic storage modulus of the PC-ZnO

hanocomposite samples as a function of temperature at 1 Hz are shown in figure
4¢.13. A slow decrease in modulii below glass transition temperature and an
abrupt decrease in modulii is observed for the nanocomposites. The storage
modulit of the nanocomposite increases substantially with the nano ZnO

concentration showing the stiffening effect of nano ZnO.
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Figure 4¢.13 Variation of storage modulii of PC- nano Zn0 composites {lower curves with
increase in concentration from 0.0 to 3.0 wt% Zn0}

The storage modulus of nanocomposites at 40 °C, 80 °C & 120 °C is given
in table 4¢.4.

Table 4¢.4 Storage medulus of PC-Zn0 nanocomposites at 40 °C, 80°C & 120 °C

, Stbra_'ge_ ' Stgii‘agef Storage
Sample modulus at modulus at ‘modulus at
40°C (MPa) |- 80°C (MPa) | 120°C (MP3)
PC alone 2500 2200 2100 ~
PC/0.03 wt% nano ZnO 3500 3190 3050 B
PC/1.0 wt% nano ZnO 4200 3980 3901
_ LR A S T S R S
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 18
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 concentration showing that the

composite is more compatibile.
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Figure 4¢.14 Variation of tan deita of PC- nano Zn0 composites {lower curves with decreasing
concentration of Zn0 )

Loss modulus curves for the PC- nano ZnO composite is given in figure
4c.15. Ty, and tan 8 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.

Temparature (“C)

Figure 4¢.15 Variation of loss medulus of PC- Zn0 nanocomposites (lower curves with
increasing concentration of Zn0 fram 0.0-3.0 wt%)



Table 4¢.5 T, and tan  values of PC-nano Zn0 composite samples

T,.°C (from tan | Peak values of
Sample & rom values of
app S peak) tan 8 at T,
\
PC alone 165 2.4
PC/0.03 Wt% nano ZnO 166 12
PC/0.5 Wi% nano ZnO 169 1
PC/ 1.0 wt% nano ZnO 170 T
PC/3.0 wt% nano ZnO 172 07

We note the modulus, E' = (loss modulus ? + storage modulus %) * for the neat

PC is numerically consistent with the tensile modulus reported by the Dow Chemical

Co. The T, of PC-nano ZnO composite increases with ZnO content.

Figure 4c.16 shows the vanation of storage modulus of PC- commercial

ZnO composites and it is clear that modulii decreased by about 56 % on adding

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 tan delta

peak (figure 4¢.18) maintains the same level on adding commercial ZnO, but the

peak value (1.3) is less than the value of neat PC (2.4). The glass transition

temperature decreased to 152 °C in PC- commercial ZnO composites.
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Figure 4c.16 Variation of storage modulus of PC-commercial Zn0 composites
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Figure 4¢.17 Variation of loss modulus of PC- commercial ZnO composites {lower curves with
increasing concentration of Zn0)
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Figure 4¢.18 Variation of Tan delta of PC- commercial ZnO compssites

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 4¢.19 &

4c.20 respectively.
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Figure 4c¢.19 Variation of tan delta with impact strength of PC- nano Zn0 composites
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Figure 4¢.20 Variation of tan delta with impact strength of PC- commercial Zn0 composites
4c¢.3.5 Melt rheology
The rheological behaviour of PC-ZnrO nanocomposites is studied at three
different temperatures 230, 240 & 250 °C. Effect of shear stress, filler loading

and temperature on rheological behaviour is investigated.
4¢.3.5.1 Effect of shear stress on shear viscosity

Figure 4c.2] 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 ZnO. As shear stress increases, the viscosity of PC-ZnO composites
decreases in all cases, indicating the pseudoplastic flow behaviour. Effect of
temperature on shear viscosity of PC nanocomposites filled with 0.5 % nano
7ZnO is given in figure 4¢.22. With a rise of temperature from 240 to 250 °C the
value of shear viscosity decreases, especially at relatively lower apparent shear

stress. The melt viscosity increases when the temperature decreases to 230 °C.
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Figure 4¢.21 Effect of shear stress on shear viscosity of PC- Zn0 nanocomposites
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Figure 4¢.22 Effect of temperature on shear stress vs. shear viscosity plots of PC-nano Zn0
composites filled with 0.5 % n0



4c.3.5.2 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. [y is
clear from the figure that shear viscosity increases with nano ZnQO addition ang
this increase is more prominent at low shear rates and low ZnO concentratiop,
Also it can be seen from the figure that shear viscosity decreases substantially
with increasing shear rate, but increases monotonically with increasing nang

ZnO loading at a given shear rate.”"”

Figure 4c.24 examines the variation of shear viscosity of PpC
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.

Shear viscosity (MPals)
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1.3332 W2.6664 N6.6667

Figure 4¢.23 Variation of shear viscosity with concentration of Zn0 and
shear rates at 240 °C
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Figure 4¢.24 Variation of shear viscosity with concentration of commercial Zn0 at four
different shear rates at 240 °C {lower curves with decreasing shear rate]

4¢.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 °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.”” The Arrhenius plots of PC- nano ZnO composites at two different
shear rates is given in figure 4¢.25 (a) & (b). A good linear correlation was found
in the plot of In n, vs. I/T, which has proved the appropriateness of the
Arrhenius-Eyring equation. Values of E, obtained from the slopes of these plots
are given in table 4¢.6. 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 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 shea;

rates, it remains constant.
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Figure 4¢.25 (a) & (b} Variation of log viscosity with 1/T for the PC- nano Zn0 composites
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Table 4¢.6 Activation energies of PC-nano Zn0 composites at two shear rates

Concentration of ZnO Activation
(wt%) energy (KJ/mol)
0.1333/s 2.6664/s

0.0 1001.4 66.57
0.03 1004 .4 66.57
0.5 1039.9 66.57
1.0 937.80 66.86
3.0 936.39 73.34

4¢.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 1. Flow behaviour index values

of PC-nano ZnO composites at 240 °C and 250 °C are given in figure 4¢.26. 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.””*
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Figure 4¢.26 Variation of melt flow index with concentration of Zn0 at two temperatures
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4¢.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.

4¢.3.5.5.1 Effect of shear rate and concentration of ZnQO

Figure 4¢.27 shows the plots of the die swell ratio, de/dc for PC and pc.
ZnO nanocomposites at 240 °C at six different shear rates. The die swell ratjq
increases obviously with increasing shear rate at a constant ZnO content. It i
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.

25 —_— — R

Die swell ratio

0 1 2 3 4
Concentration of ZnO (wt%)

—8—001333 —e—0.1333 —=&—0.66667
—#~-13332 —e—26664 - @~ 66667

Figure 4¢.27 Variation of die swell ratio of PC- nano ZnO composites with concentation of Zn0
at different shear rates
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Figure 4¢.28 Variation of die swell ratio of PC- commercial ZnO composites with concentration
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4¢.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 4¢.29. It is clear from the figure that dic swell

ratio decreases with temperature.
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Figure 4c.29 Variation of die swell ratio of PC- nano Zn0 composites with temperature



4¢.3.5.6 Extrudate 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 4¢.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. Severa|
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.

(a) (b) (¢c) (d) (e) : () (d) (e) (D)

Figure 4¢.30 Extrudate photographs of (a) neat PC and (b) PC-nano Zn0 composites filled with
1.0 % Zn0 at six different shear rates (a) 0.01333/s (b) 0.1333/s (c) 0.66667/s (d) 1.3332Is
(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 10 °C 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, flexural 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. Modification of three
commodity thermoplastics like [polypropylene (PP), high density
polyethylene (HDPE), polystvrene (PS)] with nano ZnO is
discussed. Commodity thermoplastics based nanocomposites have
been prepared with nano ZnQ through a simple melt-compounding
route. Melt compounded nano ZnOs have been shown to act uas
effective nucleating agents for PP and HDPE crystallization.
Reinforcement of commodity thermoplustics by ZnQ nanoparticles
was tremendous compared to commercial ZnO. The dynamic
mechanical analysis indicated un improvement in storage and loss
modulus of nano ZnO composites than commercial ZnO composites.
The rheological characteristics revealed that shear viscosity of the
nrano ZnQ composites increased with concentration of nano ZnO
and decreased with increasing shear stress. Melt flow index value
and die swell ratio decreased with nano ZnQO concentration,
indicating pseudoplastic behaviour of the flow. Nano ZnO is found
to be a good modifier compared to commercial ZnQ, for commodity

thermoplastics.




MODIFICATION OF POLYPROPYLENE USING NANO ZINC OXIDE

S5a.1 Introduction

Polypropylene (PP) is a semi-crystalline commodity thermoplastic angd is
known for its balance of strength, modulus and chemical resistance. It have
many potential applications in automobiles, appliances and other commerciaj
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 particular the toughness, of polypropylene. For example,
Stamhuis’ 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 Misra® have reported that modulus of
polypropylene has been improved by talc and wollastonite. Radhakrishnan and
Saujanya’ have reported that the needle-shaped CaSO, 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
10-20 % 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 Jost, and which limits various applications of polypropylene 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.



Nanoparticle 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 performance improvement of low
nanoparticle filled polypropylene composite.* Wu et al.’ have investigated
tensile behaviour of nanophased polypropylene. With regard to reinforcement
effects, considerable research can be found in recent literature® '* on improving
mechanical properties of PP using various kinds of inorganic fillers. It 13 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.5’ 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.m‘ ' Typically, the physical and mechanical properties
of the polymers that contain nano-sized particles are superior to those

19 A large number

containing micron-sized particles of the same filler type.
of inorganic materials, such as glass fibre, talc, calcium carbonate, and clay
minerals has been successfully used as additives to improve the strength of
polymers.’®*® Improvement in various properties of PP composites were

reported in literature.”*>!

This study is aimed at producing PP nanocomposites with varying ZnO
(0.0-3.0 wt%) concentration and analyzing them for their crystallization,

thermal, mechanical, dynamic mechanical performances and meit rheology.
Sa.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 nanocomposite'?
using commercial and nano ZnO were analyzed according to the detaily
summarized in sections 2.3 of this thesis.
52.3 Results and discussion
5a.3.1 Differential scanning calorimetry
5a.3.1.1 Non-isothermal

There are only 1015 investigations in the research literature that focus og
nanoscale-size nucleating agents for polymers, in general, and even fewer that
employ nanoparticles of zinc oxide.*” 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.>* 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—clay nanocomposites.

Nonisothermal crystallization behaviour of PP nanocomposites has been
studied extensively for different systems PP-carbon nanotubes, PP-surface-

treated Si0,, isotactic PP-CaC0O,, PP—montmorillonite clay.”*

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 (T.), the apparent melting temperatures (Tr), the
corresponding enthalpies (AH. and AH,) and the degree of supercooling
(AT= T,- T.) are also reported in table 5a.l.



Table 5a.1 DSC-determined thermal characteristics of PP-nano Zn0 composite samples

S 20 e T.CC) | AH.(J/g) | TaCC) | AH, (J/g) | AT CO)

T 00 10453 | 871 | 1651 | 873 | 6057
0.03 11064 | 80 | 1673 | 867 | 5666
0.1 11210 | 852 | 1658 | 856 | 537
05 11336 | 859 | 1675 | 864 | 5414
10 11426 | 840 | 1660 | 853 | 517
20 641 | 863 | 1669 | 851 | 5049

T s | ws | aes | ses | soer

Figure 5a.1 shows the DSC cooling scans of PP-ZnO nanocomposite samples.
During cooling from the melt, the ZnO containing samples show crystallization
exotherms earlier than neat PP, as also seen from the corresponding T, values
indicated in table 5a.1. It is found that the nanccomposite sample containing ZnO at
a concentration as low as 0.03 wt% enhances the rate of crystallization in PP as the
cooling nanocomposites melt crystallizes at a temperature 6 °C higher as compared
to neat PP. The T, 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 T, increase is only about 7 °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 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 AT values for the PP-

nano ZnO were 56-50 °C smaller than that of neat PP (60 °C) [figure 5a.2}). From



these results it is clear that nano ZnO content affects the crystallization rate and takeg
the role of a nucleating agent on PP crystallization due to its enormous surface arep,
The results indicated that the incorporation of ZnO nanoparticles had little effects oy
the degree of crystallinity of PP.
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Figure 5a.1 DSC cooling scans of PP-Zn0 nanocomposite samples
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Figure 5a.2 Variation of degree of supercooling with concentration of nans Zn0

Tang et al.*” reported an increase in crystallization temperature marginally

by 2 or 3 °C in the presence of 2 wt% MicroZn or NanoZn. Nanoparticles of



Si0O, increased the crystallization temperature of PP by 3— 4 °C and reduced
spherulite size. Marco et al.>’ observed an increase in the nucleation density
(i.e., 71 % efficiency), an increase in the degree of crystallinity. Zhao et al.’®
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 T, 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. AH,, AH,,
T, and T,, values remains a constant with commercial ZnO loading. The AT
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 wt%
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Figure 5a.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 Zn0

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 °C, 115 °C, 120 °C and 125 °C ). The
time corresponding to the maximum in the heat flow rate (exotherm) was taken
as peak time of crystallization (t.). Such peaks are seen at each of the four
isothermal crystallization temperatures for the neat polymer, with the earlier or
faster crystallization (smaller t,) 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 exotherm peak is seen at these temperatures,



because crystallization occurs already during the cooling scan (60 °C/min)
employed to reach those temperature, resulting in absence of exothermic 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 °C.

> B
3 125°C g 125°C
i 2 120°C
=
g s \1 15°C
s =
0.0wt% 0.03 wt%
0 2 4 6 0 1 2 3 4 5
Time (min) Time (min)
i \ ‘
5 |
g !
®
[
: I !
|
' 3.0wt%
0 1 2 ; 4 L
Time (min)

Figure 5a.5 Isothermal crystallization curves of PP-Zn0 nanocomposite samples at four
temperatures {110 9C, 115 0C, 120 0C and 125 0C )

The peak time of crystallization at each of the temperatures for all the PP-
nano ZnO composite samples are plotted against the isothermal crystallization
temperature (figure 5a.6). We notice that the t,., 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 ZnQ i,

enhancing the rate of crystallization.
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Figure 5a.6 Effect of nano Zn0O concentration on the peak crystallization time of the
nanocomposites at different isothermal crystallization temperatures
Gutzow et al.* 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

(i) 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.*’ 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 silica*, clay”,

CaC03"3 etc.

The TG and DTG curves of neat PP and its composites using nano ZnQO are
given in figures S5a.7 & 5a.8 respectively. The temperature of onset of
degradation T; (°C), the temperature at which the rate of decomposition is 10 %

[Ti (°C)], the temperature at which the rate of decomposition is maximum



(Twax) (°C), the temperature at which the rate of decomposition is 50% [Tsey
(°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 Ty 419.0 °C for PP
and in nanocomposites, T; is 331 °C on adding 3.0 wt% of nano ZnO, indicating
improved thermal stability of the nanocomposites. The T,y 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 1.47]1 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.
Gilman* suggested that the thermal stability of polymers in the presence of

fillers is due to the hindered thermal motion of polymer molecular chains.
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Figure 5a.7 Thempgravim_etric traces of PP- nano Zn0 composite samples (lower curves with
increasing Zn0 concentrations 0.0, 0.03, 1.0, 3.0 wt%)
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Figure 5a.8 Differential thermogravimetric traces of PP-Zn0 composites

Table 5a.2 Degradation characteristics of PP and its nanocomposites

Concentration of] * Ti CC)|' Tiex; . Residue | Peakrateof | Top | Tuu
, ZnO | omset |- cC)- Qt:,,:gf)‘c. dec(‘:;:‘&:;t;o“ o | CO

0 285 367.5 1.665 1.471 400.2 | 419.0

0.03 294 | 3984 | 1.863 1.456 412.7 | 4369

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
Tmex temperature increases from 419 °C to 450 °C 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 Zn0 composite samples {lower
curves with increasing Zn0 concentrations 0.0, 0.03, 1.0 and 3.0 wt%)

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.10 Variation of mixing torque with time of mixing at different Zn0 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 Zn0 composites

Concentration| Tensile | Tensile [Elongation|Shore D |Energy | Tensile
of ZnO (Wt%)|strengthl modulus | (%) |hardness| to max | toughness
| 0P | ey | e | em

0.0 0.977 8.147 L» 55 0.899 408.6
B 0.03 | 31 .667 *,'] .70;/8—#1772Aﬁ 57 7 0.948 469.3
0.1 32.71 1.0979" 7.043 58u 0.989 ) 466.5 )
B 0.5 32.96 1.144 | 525 62 | lib82 **527.8 B
1.0 33.09 | 1201 6120 | 65 | Lisl | 5231 )
20 | 3456 | 1255 | 5.998 69 1292 | 6427
a0 [ sess | 1am | san | 0 | 1s | esas




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 bnttle. This behaviour is also observed when talc and calcium
carbonate are added to PP matrix, which also provided an -effective
reinforcement to PP matrix.*’ Energy to max and tensile toughness (energy/
thickness of the sample) values increases by about 45 % and 60 % respectively
with 3.0 wi% 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 (figure 5a.11). 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.

700 | - - - - - - — -
600

500

300

200

Tenslle toughness (J/m)

100 !

0 0.03 0.1 0.5 1 2 3
Concentration of ZnO (wt %)

Figure 5a.11 Variation of tensile toughness values with nano Zn0 concentration



Chapter-5

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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Figure 5a.12 Comparison of tensile strength of PP- Zn0 composites using nano and
commercial Zn0
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Figure 5a.13 Comparison of tensile modulus of PP- Zn0 composites using
nano and commercial Zn0
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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 al.*’, 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 Zn0 nanocomposites

Concgntxja_‘timi;: :Elg;"lgg‘tiqn ‘ __Eh(?l?g)f» to max ¢ ;1‘; egf;]:ss
of Zn0 (wi%). | (%) L
0.0 8.147 0.899 408.6
C 003 | 7180 57 0901 | 4129
01 | 6367 59 0.923 4093
05 | 6260 61 0.938 4235
10 | 4294 | & 1001 | 4515
20 | 3841 65 Lo7s | 4601
30 | 3450 | 68 1021 | 4842

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 ZnO 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 of PP-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 wigy,

neat PP.
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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.15 (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 5a.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.
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Figure 5a.15 Fracture surface of (a) unmodified PP matrix showing necking phenomena (b) PP-
nano Zn0 composite showing stress whitening (c) PP- commercial Zn0 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

7n0 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 matriy_
Moreover, from the perspective of reinforcement of composite, nano ZnO wij
increase the flexural strength and flexural modulus than commercial ZnQ,
because it has a higher aspect ratio. Chen et al."’ also reported the reinforcement
by ZnO. For the PP-clay nanocomposite by Kodgire et al.*® the increase in
flexural modulus was about 25 %, whereas the increase in the strength was aboyt

30% on adding 4 % clay.
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Figure 5a.16 (a) Comparison of fiexural strength of PP- Zn0 nanocomposites
using nano and commercial Zn0

1.6 1
14 .
12 -
14
0.8 1
06
0.4 -
0.2 |
0!

Flexural modulus (GPa)

0 0.03 0.1 0.5 1 2 3
Concentration of ZnO (wt%)

R nano ZnO mcommercial ZnO

Figure 5a.16 (b) Comparison of flexural modulus of PP- Zn0 nanocompesites using
nano and commercial Zn0



5a.3.3.5 Impact strength

Unnotched Izod impact strength of PP-ZnO nanocomposites using nano
and commercial ZnO is compared in figure 5a.17. With commercial ZnO, the
impact strength increases by about 75 %, 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 5a.11. So the toughness of PP is improved with ZnO addition.
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Figure 5a.17 Comparison of unnotched 1zod impact strength of PP- Zn0
nanocomposites using nano and commercial Zn0
Thio et al.*® reported that the introduction of micrometer-scale CaCO,
particles led to an improvement in the 1zod 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.?

reported that the fracture toughness of PP
increased five-fold by incorporating nanometer-scale (ca. 40 nm) CaCO;
particles, and the CaCO; 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

. 49
toughness behaviour.
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5a.3.4 Dynamic mechanical analysis (DMA)

An increase in storage modulus was observed in PP- ZnO nanocompositeg
by Zhao et.al.*® This is expected owing to the stiffness improvement effect of

inorganic ceramic particles.

The DMA results for the dynamic storage modulus of the PP-ZnQ
nanocomposite samples at room temperature as a function of temperature at | Hz
are shown in figure 5a.18. 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 1 wt% and about 73 % increase with 3 wt% nano
Zn0Os) due to the stiffening effect of Zn0O, 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 of nanocomposites at 50 °C & 100°C is given in table 5a.5.
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Figure 5a.18 Variation of storage modulus of PP- ZnQ nanocomposites at room temperature



Table 5a.5 Storage modulus of PP- Zn0 nanocomposites at 50 °C & 100°C

o Storage modulus Storage modulus

Sample at50°C (ViPa) | at 100°C (MPa)

o Praleme ) BS ®0

PP/O 03 wt% nano ZnO 1524 499

 PPOWnanoZeO | 1732 | 54
_.»___PP—/E.»»Owt;/o—r;;(;ZEn—()“‘-— o 21.88 b ‘;7—6_— N
PPI003 W% commercial ZnO | 921 | 304
PPAOW%commercial ZnO | 559 | 148

The DMA results for the loss modulus of the PP-ZnO nanocomposite

samples as a function of temperature at | Hz are shown in figure 5a.19. On

modifying with both ZnOs, loss modulus value increases. This increase in loss

modulus value is more for PP-nano ZnO composites than that of PP- commercial

ZnQO composites.
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Figure 5a.19 Variation of loss modulus of PP- Zn0 nanocomposites

" is observed at higher temperatures. Sangectha et al.”

in storage and loss modulus of PP-clay nanocomposites. Zhao et al.*®

reported an increase

reported



an increase in storage and loss modulus of PP nanocomposites by ZnQ

nanoparticles.

Figure 5a.20 shows tan & versus temperature plots for PP-ZnQ
nanocomposites. From the tan delta peak it is clear that some compatibility is
achieved as a result of mixing PP with nano ZnO that is evident from peak
broadening. PP-ZnO nanocomposite is prepared with increased stiffness. Tan §
value decreases with modification and the decrease is more in the case of
commercial ZnO nanocomposites. Tan & values of PP-ZnO nanocomposite are

given 1n table 5a.6.
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Figure 5a.20 Variation of tan delta of PP- Zn0 nanocomposites

Table 5a.6 Tan d values of PP-Zn0 nanocomposite

Sample  Peak values of tan § at 150 °C
PP alone 0.2002
PP wi%namoznO | 01456
 PPAOWSenanoZaO | 01192 )
- PP/3 O wt% nano ;n_O I _—_0 1 124 - B
PP/0.03 wi% commercial ZeO | 0053
 PPA3.0 wi% commercial ZnO | 01030




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 PP- nano ZnO composites and PP-
commercial ZnO composites is shown in figure 5a21 & 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 Zn0 composites
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Figure 5a.22 The variation of the impact strength as a function of the total loss tangent peak
values for PP- commercial Zn0 composites



5a.3.5 Melt rheology

The rheological behaviour of PP-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.

5a.3.5.1 Effect of shear stress on shear viscosity

Figure 5a.23 present the shear viscosity vs. shear stress curves of PP- ZnQ
nanocomposites at 180 °C with increasing ZnO concentration from 0.0-3.0 wt%,,
We also examined the flow behaviour of PP nanocomposites filled 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 (pseudoplastic behaviour).*™”' 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 °C the value of shear viscosity
decreases, especially at relatively lower apparent shear stress. The melt viscosity

increases when the temperature decreases to 170 °C.
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Figure 5a.23 Effect of shear stress on shear viscosity of PP- Zn0 nanocomposites
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Figure 5a.24 Effect of temperature on shear stress vs. shear viscosity plots

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 vartation 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 ZnQ loading at a

. 5253
given shear rate.” 25
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Figure 5a.25 Variation of shear viscosity with concentration of Zn0 and
shear rates at 180 °C

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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Figure 5a.26 Variation of shear viscosity with concentration of commercial Zn0 at
six different shear rates at 180 °C



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 °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.”® 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 n, vs. I/T, which has
proved the appropriateness of the Arrhenius—Eyring equation. Values of E,

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.

1.2
; 0.01333/s
> 08
B
Qo
[3)
2
2 06
3
@
£
0
g
2 04
g.2
o]
5.2 5.3 54 5.5 56 57 58 59
HT {102 °C)
~——000% -8—003% —a-100% -——3.00%




-
N

1

%

1.3332/s ;

-

o
™

Log shear viscosity
o (]
> o»

e
()

0 -

5.2 5.4 5.6 5.8 6
1T(10° °C)

—e—0.00% —8—0.03% —&— 1.00% —>—3.00%

{b)
Figure ba.27 {a) & (b} Variation of log viscosity with 1/T for the PP- nano Zn0 cemposites

Table 5a.7 Activation energies of PP- nano Zn0 composites at two shear rates

Activation
Concentration of ZnO (wt%) energy (J/mol)
0.1333/s 1.3332/s
0.0 0.76187 0.68408
0.03 0.79820 0.67432
1.0 0.81823 0.67167
3.0 0.82367 0.62345

5a.3.5.4 Flow behaviour index (n’)

The effects of temperature and concentration of 700 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 1. Flow behaviour index
values of PP-nano ZnO composites at 180 °C and 190 “C are given in figure 5a.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.”*>*
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Figure 5a.28 Variation of flow behaviour index with concentration of Zn0
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 ZnO

Figure 5a.29 shows the plots of the die swell ratio, de/d¢ for PP and PP-
ZnO nanocomposites at 180 °C 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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Figure 5a.30 Variation of die swell ratio of PP- commercial Zn0 composites
with concentration of ZnQ at different shear rates

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 °C,

the change in die swell ratio is negligible.
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Figure 5a.31 Variations of die swell ratio of PP- nano ZnD compesites with temperature

52.3.5.6 Extrudate deformation studies

The appearance of the extrudate of neat PP and nanocomposites with 1.0 %
Zn0 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

7% that a fracturing or breaking of the elastically

by photographic techniques
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.
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Figure 5a.32 Extrudate photographs of (a) neat PP and (b} PP- nano Zn0 compasites filled
with 1.0 % nano Zn0 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 (f) 6.6667/s



Part b

MODIFICATION OF HIGH DENSITY POLYETHYLENE USING
NANO ZINC OXIDE

5b.1 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.®"** Further, these benefits
can be achieved even at very low concentration in comparison to conventional
polymer composites. In recent years, combination of inorganic nanopatticles
with polymers has received great interest,**”' for the reason that it provides a
means of improving strength 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 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 thermoplastic materials can be

realized by reinforcement with inorganic minerals including talc’? mica™

74-76 49, 78-87

wollastonite,”* " glass bead’” and calcium carbonate.

This study is aimed at producing HDPE nanocomposites with varying ZnO
concentration and analyzing them for their crystallization, thermal, 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 ¢p?
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
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.

5b.3 Resulits and discussion
5b.3.1 Differential scanning calorimetry
5b.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®™* 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. Zheng et al.”” investigated
the crystallization behavior of rare earth neodymium-iron-boron (NdFeB)
magnetic powder/ high density polyethylene composite. The results showed
there was a remarkable heterogeneous nucleation effect of NdFeB on the HDPE
matrix. Huang et al.”! explored HDPE reinforced and toughened by nano-
CaCO;. HDPE can be reinforced and toughened by the adhesion force between
nano-CaCQO,; and HDPE matrix even when the surface of nano-CaCQOs particles
is untreated. He et al.”” prepared HDPE-nano-SiQ, composites by a new
dispersing method, using a vibrational mill to disperse the nano-Si0O; 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 (T.), the apparent melting temperatures (Tp), the
corresponding enthalpies {AH, and AH,,) and the degree of supercocling (AT=
T~ T.) are also reported in table 5b.1

Table 5b.1 DSC-determined thermal characteristics of HDPE- nano ZnQ composite samples

g;;e(‘;t(r:i‘%‘; T.(CC) | AM. (lg) | T, (C) | AH,(Jg) (?g)
0.0 U5 | 1474 | 1345 145.6 23
0.03 1166 | 1464 | 1359 144.2 19.3
0.1 1186 | 1464 | 1350 145.6 16.4
0.5 1258 | 1462 | 1369 146.8 1.1
Lo 1272 | 1469 | 13638 145.6 9.6
2.0 1313 | 1456 | 1372 145.1 59
3.0 1329 | 1460 | 1365 1473 36

Figure 5b.] shows the DSC cooling scans of HDPE- nano ZnO composite
samples. During cooling from the melt, the ZnO containing samples show
crystallization exotherms earlier than neat HDPE, as also seen from the
corresponding T. 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 HDPE. The T,
values continue to increase with increasing ZnQO concentration, further increase
in ZnO concentration from 0.03 to 3.0 wt%, the additional T, 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 processeq
nanocomposite has a smailer 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 HDPE and nanocomposites stay unaffected,
The degree of supercooling (AT =T,,-T.) may be a measurement of a polymer’s
crystallizability: the smaller the AT, the higher the overall crystallization rate
(figure 5b.2). The AT values for the HDPE- nano ZnO were 19-3.6 °C smaller
than that of neat HDPE (23 °C). The results indicated that the incorporation of
ZnQO nanoparticles had little effects on the degree of crystallinity of HDPE.
Tjong et al.” also observed this behavior in LDPE - ZnO nanocomposites. This

was also observed by Osman et al.” in HDPE- silicate composites.

—»  Increasing Zn0 concentration from 0.0-3.0 wt%
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Figure 5b.t DSC cooling scans {20 °C/min from 200 °C melt) of HDPE
-nanocemposite samples
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Figure 5b.2 Variation of degree of supercooling with concentration of nano ZnQ

On adding commercial ZnO the total increase in crystallization temperature
was | °C and AH,, AH,,, T, and T,, values remains a constant with ZnO loading.
The AT values for the HDPE-commercial ZnO composites remains a constant
near the neat HDPE value (23 °C). 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. T,
increase is only about 1 °C 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 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 crystaliization temperatures of HDPE- Zn0 nanocomposites using
nang and commercial Zn0



The reason for crystallization temperature of HDPE-commercial ZnQ
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.”®
5b.3.1.2 Isothermal crystallization characteristics

Figure 5b.4 shows the typical isothermal crystallization curves of the
HDPE-nano ZnO composite samples at four temperatures {120 °C, 125 °C, 130

°C and 135°C). The time corresponding to the maximum in the heat flow rate
(exotherm) was taken as peak time of crystallization (t ..} Such peaks are seen
at each of the four isothermal crystallization temperatures for the 0.03 wt% ZnQ
containing nanocomposite, with the earlier or faster crystallization (smaller ty.,)
corresponding to lower temperature of isothermal crystallization. For the case of
neat HDPE, no exotherm is seen at the highest temperature of 135 "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 near the lowest
temperature 120 °C that most crystallization occurs already during the cooling
scan (60 °C/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 5h.4 Heat flow during isothermal crystallization of HDPE-nane Zn0 composite samples

The peak times of crystallization at each of the temperatures for all the
HDPE-ZnO nanocomposite samples are plotted against the isothermal
crystallization temperature (figure 5b.5). We notice that due to the presence of
Zn0 the ty.. 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 t.), 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 HDPE-Zn0
nanocomposite samples



5b.3.2 Thermogravimetry

TGA studies shows that inorganic fillers, which are widely useq
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, HDPE/tale, HDPE/wollastonite, HDPE/diatomite and
HDPE/CaCQ; are more stable than HDPE itself before breakage.”® Thermal

stability of HDPE is increased with silicalite-1 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; (°C), the temperature at which the rate of decomposition is 10 %
[T.00s (°C)], the temperature at which the rate of decomposition is maximum
(Tpax °C), the temperature at which the rate of decomposition is 50 % [Tsge,
(°C)], the peak degradation rate and the residue at 800 °C 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 degradation events occur
between 365 and 520 “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 362 °C
and the peak rate of degradation is 3.143 %/min at corresponding Ty, 479.4 °C
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 Truax
temperature also showed an improvement in thermal stability. Residue at 800 °C is
only about 0.0307 % for HDPE. Adding 3.0 wt% of ZnQ, residue increased to
6.201 % and the peak ratc of decomposition decreased from 3.143 to 2.358 %/min.
This increase in the thermal stability of the nanocomposites may result from the
strong interaction between the nano ZnO and HDPE molecules. On adding

commercial ZnQ, thermal stability slightly increases (figure 5b.8). The Tumax



temperature increased from 479.4 °C to 481 °C, on adding 3.0 wt% commercial
Zn0O,
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Figure Bb.8 Thermogravimetric traces of HDPE - nane Zn0 composite samples {lower curves
with increasing Zn0 concentrations 0.0, 0.03, 1.0, 3.0 wt%!.
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Figure 5b.7 Differential thermogravimetric traces of HBPE- nano Zn0 composites



Table 5h.2 Degradation characteristics of HDPE and its nanacomposites

Concentration | T; | Ty | Residue | Peakrateof | Tsp
of ZnO (°C) | (°C) | at 800 °C | decomposition : (°C) C
(%) - (Yo/min)- L
0 362.6 | 413.2 | 0.0307 3.143 471.0 | 4794
003 1369514371 00399 | 2996 | 4814 | 4851
1.0 13813 1’"440.5 2340 | 'ﬁéo_”*L 481.8 | 4857
30 1393414410 6201 '—'23_5'8'—"7{'21—83.5_4723?
o |
120
100
~ 80 §
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Figure bb. 8 Thermogravimetric traces of HDPE - commercial Zn0 composite samples {lower
curves with increasing ZnQ concentrations 0.0, 0.03, 1.0, 3.0 wt%)

5b.3.3 Mechanical properties
5b.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 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 HDPE, but decreases with melting.
After homogenization of HDPE, ZnO was added at 2.5 min. There is a little
increase in torgue 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 Torgue-time graph of HDPE- Zn0 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.””* 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
Jocally and the polymer to yield and neck.”'® This gives rise to a low stiffnegg

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 HDPE- nano Zn0 composites

Concentration| Tensile | Tensile |Elongation| Shore D | Energy

of ZnO (wt%) | strength| modulus (%) hardness | to max
{(MPa) | (GPa) (8}

0.0 22.71 0.366 15.54 65 0.854

003 | 2404 | 0418 | 1240 | 68 | 0983 |

Ton 2559 | os2s | nmr | | e |
05 | 2665 | 0597 | 1021 | 72 | 112
10 | 3677 | 0609 | 965 | 78 | 136
20| 381 | oels | s |79 | 139
3.0 39.61 0.627 5.31 80 1.43

The results in table 5b.3 shows an increase in the tensile modulus and
strength of HDPE 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 strength (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 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 5b.10) increases by about 67 % and 75 % respectively with 3.0 wt% ZnO
loading. Area under the stress-strain curve is dircctly 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.10 Variation of tensile toughness with concentration of Zn0

Figure 5b.11 and 5b.12 shows a comparison of tensile strength and

modulus of HDPE- ZnO composites using nano and commercial ZnO.
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Figure 5b.11 Comparison of tensila strength of HDPE- Zn0 nanocomposites

KL



Tensile modulus(GPa)

0 003
Concentration of ZnO(wt%)

Hnano ZnC Bcommercial ZnO

0.1 0.5

1

2 3

Figure 5b.12 Comparison of tensile medulus of HDPE- ZnD nanocomposites

It is clear from the graph that commercial ZnO loading decreases the strength

and modulus of HDPE. Uniform dispersion of commercial ZnO is not attained by

melt mixing and aggregates of particles are more in HDPE- commercial ZnO

composite than in HDPE- 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 HDPE -

commercial ZnO composites are summarized in table 5b.4.

Table 5b.4 Tensile properties of HBPE-commercial Zn0 composites

Concentration | Elongation Shore D Energy to | Tensile toughness
of ZnO (wt%) (%) hardness max (J) (J/m)
0.0 15.54 65 0.854 406.6
003 15.26 68 0.832 4023
0.1 12.49 70 0.856 405.8
0.5 10.51 72 0.857 407.3 s
_#m—l—.‘(‘)- o 10.98 72 0.865 408.1 B o
20 11.23 73 0.855 4069
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 bh.13 Stress-strain curve for HDPE 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. 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
5b.14 (a) shows the fracture surface for unmodified HDPE. It indicated the necking
phenomena of HDPE molecule, because of its ductility. There is no sign of
significant plastic deformation. From figure 5b.14 (b) & (c) it is clear that nano ZnO
exist as dispersed particles in HDPE matrix and the morphology gets substantially
modified. Here we can observe shape transition of ZnQO nanoparticles. In
nanocomposites, nanoparticle-matrix interactions are expected to determine this
shape transition.'”! Due to the dominance of surface states, nanoparticles of a
material may exert forces that are different from those exerted by the corresponding

bulk material on the surrounding matrix."” 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 HDPE- commercia]
ZnO nanocomposite fracture surface shown in figure 5b.15 (d) where we can see

large agglomerates and the dispersion is inhomogeneous.

Figure 5b.14 Tensile fracture surface of (a) neat HDPE (b) & (C) HDPE- nano Zn0O composite
showing nanoparticle shape transition {d) HDPE- commercial Zn0 composites

5b.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 HDPE 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. Friedrich'® first emphasized
the effect of morpholog); and provided evidence that semicrystalline polymers
consisting of small spherulites are generally tougher than those containing coarse
spherulites because larger spherulites have weak boundaries. Quderni and Philips '™
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 lameliar 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 5b.16. With 3 % commercial
Zn0O, the impact strength of HDPE increases by about 12 %. But with 3 % nano
Zn0O, the increase is about 128 %, The increase in impact strength is evidenced
by the tensile toughness values shown in figure 5b.10 and from the area of the
stress strain curve shown in figure 5b.13. So the toughness of the composite is

more improved with nano ZnO addition.
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Figure 5b.16 Comparison of impact strength of HDPE- Zn0 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 modulit 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 | wt% nano ZnO),
indicating efficient stress transfer between the HDPE matrix and ZnOs. But
with commercial ZnO, the storage modulus decreases i.e., nanocomposite 1s
more soft and flexible. The storage modulus of nanocomposites at 50 °C & 100

°C is given in table 5b. 5
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Figure 5b.17 Variation of storage modulus of HDPE- ZnD nanccomposites



Table 5b.5 Storage modulus of HDPE - ZnQ nanocomposites at 50°C & 100 °C

SR i
HDPE alone 1364
 HDPEO03 wt%nanoZnO | 1627 |
. HDPELOw%manoZnO | le3a |
B HDPE/3 0 wt % na_n_c; ZnO o | —1-996 B
__HDPE/O 03 wt% commercral LnO | —125 T ses.
o H&’%B 0 wt% com—merm_al_ZnO - —ll‘; o

The matrix of the 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 formed 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 intcraction 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 fillers, the molecular motion is greatly limited. As a result, the
storage modulus of the interphase is higher than that of the free part. An increase
in the nano ZnQO 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 significantly to the improvement of the storage modulus of the
composites.'" 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.18 shows tan & 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 & 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 HDPE-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 eclastic characteristics of the

nanocomposites increase with commercial ZnO content.
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Figure 5b.18 Variation of tan deita of HDPE- Zn0 nanocompesites

Loss modulus curves for the HDPE-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- Zn0 nanecomposites



Tan 3 values of HDPE-ZnO nanocomposite are given in table 5b.6.

Tahle 5b.6 Tan & values of HDPE- ZnQ nanocomposite

Sample Loss modulus' | Tan delta value at™

(MPa) 120 °C
HDPE alone 200 0.243
HDPE/0.03 wt% nanc ZnO 250 0.205

e e —— o

HDPE/3.0 wt% nano ZnO 252 0.167
HDPE/0.03 wt% commercial ZnQ 98 0.092
HDPE/3.0 wt% commercial ZnO 75 0.061

Correlation of impact and dynamical properties in terms of tan & peak

values of the nanocomposites has been done. The variation of the impact

strength as a function of the total loss tangent peak valucs 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.

320
270
220

170

Impact strength (J/m)

120
012

0.17 0.2
Tan delta (Loss factor)

0.27

{a}



LCEEEIEE S -
165
160
155

150

Impact strength (J/m)

145
0 0.05 0.1 0.1 02 0.25 03
Tan delta {loss factor)

&

(b}

Figure Sb.20 Variation of the impact strength as a function of the total loss tangent peak for
{a) HDPE-nano Zn0 composites (b} HDPE-commercial ZnD composites

5b.3.5 Melt rheology

The theological behaviour of HDPE-ZnO nanocomposites is studied at
three different temperatures 140, 15¢ & 160 °C. Effect of shear stress, filler

load: , o .
oading . 4 temperature on rheological behaviour is investigated.
S0-3.5.1 Effect of shear stress on shear viscosity

Figure 5¢.21 present the shear viscosity vs. shear stress curves of HDPE-ZnO
Pantcomposites at 150 °C with an increasing ZnO concentration from 0.0-3.0 wt%.
We also examined the flow behaviour of HDPE nanocomposites filled with 1.0 %
“OMMercial 7n0. As shear stress increases, the viscosity of HDPE- ZnQO composites
decreases in alt cases, indicating the pseudoplastic flow behaviour. At zero shear, the
Molecyles are randomly oriented and highly entangled and therefore exhibit high
Viscosit)/- Under the application of shearing force, the polymer chains orient,
resu}ting in the reduction of shear viscosity and thus exhibit shear thinning
(pseudoplastic behaviour). Tt is just this pseudoplasticity that makes the
hanocomposites to be easily melt-processed. Effect of temperature on shear viscosity

of HDPE nanocomposites filled with 1.0 % nano ZnQ 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 increaseg

when the temperature decreases to 140 °C.
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Figure 5b.21 Effect of shear stress on shear viscosity of HDPE- Zn0 nanocomposites
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Figure 5b.22 Effect of temperature on shear stress vs. shear viscosity



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 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 ZnQO 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.23 Variation of shear viscosity with concentration of Zn0 and
shear rates at 150 °C
Figure 5b.24 examines the variation of shear wviscosity 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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Figure 5b.24 Variation of shear viscasity with concentration of commercial Zn0 at five
different shear rates at 150 °C

5b.3.5.3 Effect of temperature

Shear viscosities of pure HDPE and nanocomposite melts decreases with
increasing 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.™ The Arrhenius
plots of HDPE- nano ZnQO composites at two different shear rates is given in figure
5b.25 (a) & (b). A good linear correlation was found in the plot of Inn, vs. /T,
which has proved the appropriateness of the Arrthenius-Eyring equation. Values of
E, obtained from the slopes of these plots are given in table Sb.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
5b.7 it can be observed that the activation energy of flow of the nanocomposites

increases with modification at lower and hisher shear rates
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Table 5b.7 Activation energies of HOPE- nano Zn0 composites at two shear rates

Activation
Concentration of ZnO (wt%) energy (J/mol)

0.01333/s . 2.6664/s

0.0 0.0464 i 0.2924
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Chapter-5

5b.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 1. Flow behaviour index
values of HDPE- nano ZnO composites at 150 °C and 160 °C 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 temperature increases. A similar trend of

decreasing values of n’ with an increase in temperature has been reported.******
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Figure 5b.26 Variation of flow behaviour index of nanocomposites with concentration of Zn0

5b.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.
5b.3.5.5.1 Effect of shear rate and concentration of ZnO

Figure 5b.27 shows the plots of the die swell ratio, de/dc for HDPE and
HDPE-ZnO nanocomposites at 150 °C at six different shear rates. The die swell

ratio increases obviously with increasing shear rate at a constant ZnO 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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Figure 5b.27 Variation of die swell ratio of HDPE- nano ZnD composites with
concentration of ZnO at different shear rates
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Figure 5b.28 Variation of die swell ratio of HDPE- commercial Zn0 composites with
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5b.3.5.5.2 Effect of temperature

Variation of die swell ratio of HDPE-nano ZnQO composites at three
different temperatures is given in figure 5b.29. It is clear from the figure that dje

swell ratio decreases with temperature and concentration of ZnO.
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Figure 5b.29 Variations of die swell ratio of HDPE- nane Zn0
composites with temperature

5b.3.5.6 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 5b.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

573 that a fracturing or breaking

conclusively shown by photographic techniques
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

i

photographs.

(a) M} @ (@ (e) (D

Figure 5b.30 Extrudate photographs of (a) neat HDPE (left) and (b) HDPE- nano Zn0
composites filled with 1.0 % Zn0 (right) at six different shear rates (a) 0.01333/s
(b} 0.1333/s (c) 0.66667s (d) 1.3332]s (e) 2.6664/s {f) 6.6667]s
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MODIFICATION OF POLYSTYRENE USING NANO ZINC OXIDE

5¢.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).’%”o 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
electrical insulation, colourability etc. In 2001, PS was counted among the
quantitatively most important thermoplastics and continues to be ranked in
fourth place after polyethylene, polypropylene, and poly (viny! chloride).''"'"
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.''*'* However, metals,’""'”? metal sulfides (CdS),’” a metal

124 panotubes,'?® Si0,'?® and graphite '* are also mentioned. The common

oxide,
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, thermal 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 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 wi%) of ZnO were
prepared. In all cases the torque stabilized to a constant value in this mixing

time.

5¢.3 Results and discussion
5¢.3.1 Differential scanning calorimetry

PS is an amorphous polymer. Differential scanning calorimetry (DSC)
analysis of PS- nano ZnO composites were carried out. It is of interest to point
out that no crystalline melting endothermic 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.l. All DSC thermograms 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
nanocomposite is slightly shifted towards a higher temperature. It is seen that
addition of 3.0 wt % nano ZnO shifts T, of PS towards a higher value by 5 °C.
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
nanoparticles and the chains of PS becomes so intensively strengthened that the

main-chain motion of the polymer is greatly restricted.'”* ">
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Figure 5¢.1 DSC curves for PS- nano Zn0 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, 2 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, 1.€.,
the glass transition region, was observed. On adding 1.0 wt% commercial ZnO,
T, value decreases to 102 °C from 105 °C of pure PS. It is clear that the system is
more compatable with nano ZnQ. Similar DSC results were obtained when
spherical ZnO and ZnO whisker were used in PS matrix.* The glass transition
temperature of nanocomposites increased by 8 °C on adding ZnO. But they

mixed 5-30 wt% of ZnO filler.
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Figure 5¢.2 DSC curves for PS- commercial Zn0 composites
5¢.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 5¢.3 & 5c.4 respectively. Evidently the
decomposition onset temperatures of PS-ZnO nanocomposites shift towards
higher temperature corﬁpared 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 ZnQ 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 5¢.4 DTG traces for PS- commercial Zn0 composites

The temperature of onset of degradation T; (°C), the temperature at which
the rate of decomposition is 10 % [T,¢, (°C)], the temperature at which the rate
of decomposition is maximum (Tax) (°C), the temperature at which the rate of
decomposition is 50 % [Tse. (°C)], the peak degradation rate and the residue at
800 °C are given in table 5c.1. PS degrades in a single step. The degradation
starts at a temperature of 232 °C and the peak rate of degradation is 2.713 %/min
at corresponding (Tuay) 369 °C and in nanocomposites, T; is 251 °C on adding

3.0 wt% nano ZnO, indicating improved thermal stability of the nanocomposites.



The T, 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 5¢.5).
Since nano ZnO has a higher specific surface area (for the same addition
amount) than that of commercial ZnO, and so the former has a greater contact

surface with polystyrene, thus increasing the thermal stability of the

nanocomposite.
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Figure 5¢.5 TGA traces for PS- commercial Zn0 nanocomposites {lower curves with increasing
concentration of ZnQ)

Table 5¢.1 Degradation characteristics of PS-Zn0 nanocomposites

-Peak rate of " -

Concentration | T, ("C] Trgo | esidue Tsa% i

i en - | 4800°C | decomposition | o2l | e
of ZnO O 1o | umm | (9| €O

0 232 | 281 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 nanocompositeg

was also reported by Chen-Chi et al.*’ There is an increase of 35 °C on adding
3.0 wt% ZnO.

5¢.3.3 Mechanical properties
5¢.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 °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 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 ZnQO. 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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Figure 5¢.6 Torque-time curves of PS- Zn0 nanocomposites



5¢.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 5¢.2.

Table 5¢.2 Tensile properties of PS-nano Zn0 composites

Concentration| “Tensile | - Tensile [Elongation| Shore D' | Energy | Tensile

of ZnO (wt%)| strength | modulus |- (%) _ |hardness | to max [toughness

o Loeey ] @Pay | o b o @ | amy
0.0 29.5 2.094 6.98 51 0.4532 | 2385
0.03 328 2.098 6.31 55 0.5612 | 272.4

[ —— N J— 40—
0.1 34.1 2.132 6.70 57 0.8954 | 3894
0.5 35.6 2.181 6.36 59 0.9234 | 419.7
1.0 37.0 2.189 6.12 62 1.231 557.0

e — - - - - 1 ———%t—— —t— ———
2.0 38.2 2.196 5.68 67 1.367 666.8
3.0 39.1 2.199 5.05 69 1.642 713.9

The results in table 5¢.2 showed an increase in the tensile modulus and
strength of PS with an increasing concentration of nano ZnQO 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 wi% 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 (energy/ 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 1s due to better
interaction between the PS matrix and ZnO nanoparticles. As aspect ratio of ZnQ
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 | %, 4 % and 5 % respectively.

So nanocomposites prepared from nano ZnO can attain superior
performance over commercial ZnQ. This high reinforcement implies a strong
interaction between the matrix and nano ZnQO interface that can be attributed to

the nanoscale and uniform dispersion of the ZnO in the PS matrix.
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Figure 5¢.7 Variation of tensile toughness with concentration of Zn0



Table 5c¢.3 Tensile properties of PS-commercial Zn0 composites

Concentration | Tensile | Tensile |Elongation | Shore D [Energy to] Tensile
of ZnO (wt%) |strength |modulus| (%) |hardness| max | toughness
: (MPa) | (GPa) . Q)] (J/m)
0.0 29.50 | 2.094 5.21 51 0.4532 238.5
e U e — g R .
0.03 29.50 | 2.094 5.15 55 0.4533 245.1
o1 2956 | 2098 | 513 | 57 | 04534 | 2403
0.5 29.54 2.098 5.12 N 57 0.4556 244.1
— ———
1.0 29.53 2.103 5.09 68 0.4623 246.9
A Mttt At SO A Fhihtntali I
2.0 29.57 | 2.116 5.04 61 0.4641 1 247.1
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 Bc¢.B Stress-strain curve for PS and its nanocomposites

5¢.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 5¢.9 (a) shows the fracture surface for

unmodified PS. The fracture surface is relatively smooth and even, showing a
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brittle fracture feature without any sign of significant plastic deformation. From
figure 5¢.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-ZnQ
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 5¢.9 (c),

where we can see large agglomerates and the dispersion is inhomogeneous.

Figure 5¢.9 Tensile fractured surfaces of (a) neat PS (b) PS-nano Zn0 composites and (c) PS-

rammarcial 7o ramnacitoe



5¢.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 5¢.10 (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 35 %. With
commercial ZnO, the flexural 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
flexural modulus than commercial ZnO, because it has a higher aspect ratio.
Chen et al.*”” also reported an improvement in flexural strength and modulus of

PS matrix by ZnO particles.
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Figure 5¢.10 Comparison of (a) fiexurallh:trength (b) flexural modulus of PS- Zn0
nanocomposites

5¢.3.3.5 Impact strength

Unnotched Izod impact strength of PS- ZnO nanocomposites using nano
and commercial ZnO is compared in figure 5c.11. With commercial ZnO, the
impact strength improvement is about 9 %, but with nano ZnO, the increase is
about 160 % on adding 3 wt% of ZnO. The increase in impact strength is
evidenced by the tensile toughness values given in figure 5¢.7 and from the area
of the stress strain curve given in fgure 5c.8. So the toughness of the

nanocomposite improved with nano ZnO addition.
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Figure 5¢.11 Comparison of impact strength of PS- Zn0 nanocomposites using nano and
commercial Zn0
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This variation in unnotched impact strength can be attributed to two things.
First, when small amount of nano ZnQ is added there is seldom agglomerated
particle in the matrix. As Nakagawa showed,'” the presence of fine 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 form of large agglomerates in the PS matrix, and these will become the site
of stress concentration and act to initiate microcracks.'” 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.

5¢.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 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 PS matrix and ZnOs. But with commercial ZnO, the storage
modulus decreases, (about 20 % with 1wt% ZnO). The storage modulus of

nanocomposites at 35 °C, 50 °C & 100 °C is given in table 5c.4.
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Figure 5¢.12 Storage modulus of PS- Zn0 nanocomposites

Table 5¢.4 Storage modulus of PS- Zn0 nanocomposites at 35 °C, 50°C & 100 °C

) i Sﬁﬁg& Storage »Sf&f:ige..-

Sample ~modulus at | modulus at | modulus at
v 1 35°C (MPa) 550?"’(3 (MPa)| 100°C (MPa)

PS alone 1545 1456 407

?)0.03 M"/;;r.);)‘ ZnO 155 rl 1466 7 529

PS/1 .Oi\r&t%nano Zn0O - 1845 1695 éS4

o i>S/3.0 wt% nano er107 7 2154 5063 Sé; o

PS/0.03 wi% commercial ZnO| 1430 1329 sa1

| PS/ l.Orwt% cémmercial ZnO 7 1211 7 1086 | 7 476

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 5c.13.

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 ZnQ composites.
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Figure 5¢.13 loss medulus of PS- Zn0 nanocomposites

Figure 5c.14 shows tan & 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 stiffness. From
the tan & peak it is clear that with nano ZnO, only a slight increase in glass
transition temperature is observed, but it decreases by around 5 °C with
commercial ZnO loading. T,, loss modulus and tan & values of PS-ZnO

nanocompaosite are given in table 5c.5.
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Fiaure 5c.14 Effect of Zn0 concentration on the tan S of PS-Zn0 nanccomposite samples



Tahle 5¢.5 T, loss modulus and tan § values of PS- Zn0 nanocompasite samples

s

PS alone 388 i10.1 2.93 o
PS03 w%nanozn0 | 252 | 1102 | 186
 PS/l W%nanoZnO T | nes | ima
 PSAw%nanoznO | 173 | 1o | 094
}Eé&_v}o}&ommé@;( mo| 340 | 1058 -L”'_z 7
PS/1.0 Wt % commercial ZnO | 355 | 1052 | 216

We note the modulus, E” = (loss modulus * + storage modulus %) * 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, T, of PS does
not have a clear variation by introduction of the nano ZnO particles. The T, 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 ZnQ, T, value decreases. So we can
conclude that nano ZnO serves as a nano-filler leading to the increase in T, and
storage modulus; on the other hand, commercial ZnO is a plasticizer leading to the

. 34-135
decrease in T, and modulus.™*'*

Correlation of impact and dynamical properties in terms of tan & 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 5¢.15 (a) &

(b) respectively. The curves show a non-linear shape.
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Figure 5¢.15 Variation of the impact strength of PS- Zn0 nanocomposites as a function of the
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5¢.3.5 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.



5¢.3.5.1 Effect of shear stress on shear viscosity

Figure 5c.16 present the shear viscosity vs. shear stress curves of PS.
ZnO nanocomposites at 180 °C 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 is given in figure S5c.17. With a rise of
temperature from 180 to 190 °C the value of shear viscosity decreases,
especially at relatively lower apparent shear stress. The melt viscosity

increases when the temperature decreases to 170 °C.
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Figure 5¢.16 Effect of shear stress on shear viscosity of PS- Zn0 nanocomposites
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Figure 5¢.17 Effect of temperature on shear stress vs. shear viscosity
5¢.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 5¢.18 shows the vaniation 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. At higher shear
rate shear viscosity maintains the same value with increasing concentration of
Zn0O. 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 5c¢.19 examines the wvariation of shear

nanocomposites with concentration of commercial ZnO at six different shear

rates. At lower shear rates shear viscosity increases with concentration of ZnO.

viscosity of PS

But at higher shear rates shear viscosity almost remains constant.
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Figure 5¢.19 Variation of shear viscosity with concentration of commercial ZnQ at six different

shear rates at 180°C




5¢.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 °C, 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 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. The Arrhenius plot
of PS-nano ZnO composites at two different shear rates is given in figure 5¢.20 (a)
& (b). A good linear correlation was found in the plot of In 1, vs. /T, which has
proved the appropriateness of the Arrhenius—Eyring equation. Values of E, obtained
from the slopes of these plots are given in table 5¢.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 materiats.

From the table 5¢.7 it can be observed that the activation energy of flow 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 5¢.20 {a) & th) Variation of log viscosity with 1T for the PS- nano Zn0 composites

Table 5¢.7 Activation energies of PS- nano Zn0 composites at two shear rates

Concentration of ZnO Activation
(Wi%) energy (J/mol)

0.1333/s 1.3332/s

0.0 0.0409 0.0294

0.03 0.0162 0.0563

- T 1 T T

0.5 0.0055 0.1054

1.0 0.0281 0.1476

3.0 0.0368 0.1472

5¢.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 1. Flow behaviour index

values of PS- nano ZnO composites at 180 °C and 190 °C are given in figure

5¢.21. 1t 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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Figure 5¢.21 Variation of flow behaviour index of PS nanocomposites with
concentration of Zn0

5¢.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.
5¢.3.5.5.1 Effect of shear rate and concentration of ZnO

Figure 5¢.22 shows the plots of the die swell ratio, de/dc 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 nanocomposites filled with 1.0 %
commercial ZnO at different shear rates. Die swell ratio decreases with ZnO

loading and increases with shear rates.
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Figure 5¢.22 Variation of die swell ratio of PS- nano Zn0 compesites with concentration of
Zn0 at different shear rates
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Figure 5¢.23 Variation of die swell ratio of PS- commercial Zn0 composites with concentration
of ZnD at ditferent shear rates

5¢.3.5.5.2 Effect of temperature
Variation of die swell ratio of PS- nano ZnO composites at 3 different
temperatures is given in figure 5¢.24. It is clear from the figure that die swell

ratio decreases with temperature and concentration of ZnO.
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Figure 5¢.24 Variations of die swell ratio of PS- nano Zn0 composites with temperature

5¢.3.5.6 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 5¢.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.
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Figure 5¢.25 Extrudate photographs of (a) neat PS (left) and (b) PS- nano Zn0 composites
filled with 1% Zn0 (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 (f) 6.6667/s

5¢.4 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 HDPE
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 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 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 nano ZnO is shear yielding in PP and PS matrix and in HDPE



matrix, mechanism is shape transition of ZnO nanoparticle 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 ZnQ 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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Chapter 6

Abstract

The major findings of the study are summarized in this chapter.




omaprers.

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 multifunctionality 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 ZnO was prepared from ZnCl; 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 nrenared hv the malt_camnanndina rasita i



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 °C in PET
and 10 °C 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 ZnQO with commercial ZnO revealed
that nano ZnOs are made superior nucleating agents. Nano ZnO composites also

show improved thermal 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 strength 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
Zn0O. The tensile strength increased by about 15 % and modulus by about 9 % and
flexural modulus and strength increased by 5 % on adding 3.0 wt% of nano ZnQO
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 ZnQO. 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 °C
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 ZnQ with
commercial ZnO revealed that nano ZnOs are efficient nucleating agents for
commeodity plastics also. Thermogravimetric analysis showed improved thermal

stability for nano ZnQO composites than their counterparts.

Reinforcement of commodity thermoplastics by ZnO nanoparticles was
significant compared to commercial ZnO. 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 strength and modulus of PP nanocomposites improved by about 18 %
and 7 % respectively and in HDPE nanocomposites, flexural strength and modulus
was increased by about 8 % and 1 % respectively at a level of 0.03 wt% ZnO. In
PS nanocomposites, flexural strength and modulus increased by 5 % and 3 %
respectively at a level of 0.03 wt% ZnO. There was about 65 %, 5 % and 2! %
increase in impact strength of PP, HDPE and PS nanocomposites respectively at a

level of 0.03 wt% nano Zn0O.

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 decreased itk



. Summary and Conclusion

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. 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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Carbon nanotubes
Chemical vapour deposition

Dynamic mechanical analysis
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Differential thermogravimety
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Energy dispersive X-ray spectrometer
Fourier transform infrared

High density polyethylene

Heat distortion temperature
Inductively coupled plasma -Atomic emission spectrometer
Metal arganic decomposition
Polyamide 6

Polyacrylonitrile

Polybutylene terephthalate
Polycarbonate

Polyethylene terephthalate
Polymethyl methacrylate

Polymer nanocomposites
Palypropylene

Polystyrene

Scanning electron microscope
Transmission electron microscopy
Thermo gravimetric analysis
Thermoplastics

Thermosets
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X-ray Diffraction

Shear strain

Percentage

Wave length

Shear stress

Atmosphere

Diameter of the capillary
Diameter of the extrudate
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Tsus
tan &
T.
Temp.
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Ti
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Joules

Meter

Minutes

Mole

Mega Pascal

Flow behaviour index

Sodium hydrexide

Nanometer

Time

Temperature at 10% decomposition
Temperature at 50% decomposition
Lass factor

Crystaliization temperature
Temperature

Glass transition temperature
Temperature of onset of degradation
Melting temperature

Peak temperature

Zinc hydroxide

Zinc chloride

Zinc oxide

Enthalpy of crystailization

Enthalpy of melting

Degree of supercooling
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