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[ Preface

Modification of polymer blends with nanofillers has opened up
infinite ways to develop materials of choice. Polyolefins are the most
widely used matrix for polymer nanocomposites becomes general due to
their wide spectrum of properties finding applications in diverse fields.

The various spectrums of nanomaterials include metal oxides,
nanoclay, nanocellulose, carbon nanotubes, graphene, etc. Nanozirconia is
a versatile nanomaterial with diverse applications due to its innate mechanical
and thermal stability. Zirconia has three well-defined polymorphs: the
tetragonal, monoclinic and cubic form. The aim of this study is to demonstrate
a polymeric surfactant assisted sol- gel method for the preparation of highly
stabilized t- ZrO,. Since polymeric surfactant acts as a dispersing medium,
the very frequent crisis of nanoparticles agglomeration can be completely
avoided. Further the role of mode of addition leading to the formation of
monoclinic crystallite phase with spheroid morphology is also well explored.

Nanosilica, like any other nanomaterial has gained great interest in the
field of food industry, catalysis, chromatography, coatings, stabilizers,
emulsifiers and biological sciences. The conventional synthesis of nanosilica
includes vapour-phase reaction, sol-gel and thermo-decomposition methods.
In most of these methods alkyl orthosilicates or sodium silicates are the
silicon source. But the limited availability of crude oils and high processing
cost has initiated a considerable interest in sustainable and renewable
resources for the development of nanosilica. Silica deposited in plants as
opal phytolith can be easily leached by acid hydrolysis. The novel green
chemical route for the isolation of fibrous nanosilica by exploiting the vast
and abundant green sources like Indian grass, flowers of pampas grass and
bamboo.

The reinforcing effect of the synthesized nanozirconia (both t and
m-ZrO, forms) and the isolated silica fibers on HMHDPE/ LLDPE blends



are discussed in detailed. The mechanical, thermal and rheological
properties of nanocomposites are investigated. Improvements are observed
in the compressive, impact and flexural properties. Commendable increase
in wear resistance of the composites is also noted.

The thesis entitled “Tailoring HMHDPE/LLDPE blend for High
Performance Applications: Role of Nanozirconia, Silica nanofibers”
consist of eight chapters.

A brief introduction on polymer blends, polymer nanocomposites,
polyolefins, nanofillers, nanozirconia, and nanosilica etc. is given in
Chapter 1. The scope and objective of the work is also presents in the
chapter. A review of thermoplastics polymer nanocomposites is provided.
Scope and objectives of the present work are also included.

Chapter 2 of the thesis gives the details of materials used in the present
work and the experimental techniques employed for the preparation and
characterization of the fillers and nanocomposites are described.

The synthesis of nanozirconia by a surfactant assisted sol-gel method
is given in Chapter 3. Poly vinyl alcohol (PVA) is used as the polymeric
surfactant for size reduction of the nanomaterial synthesized and different
weight % PVA was chosen to control the size of the final product. By
varying the mode of addition of the reactants, different crystalline form and
morphology for nanozirconia can be derived. By changing the reaction
conditions like final calcination temperatures, a notable change in particle
size, morphology, degree of agglomeration and crystallinity are observed.

The isolation of silica nanofibers from three different grass sources
namely Indian grass, Pampas grass and Bamboo is described in Chapter 4.
Acid pre-treatment followed by calcination is employed for the isolation of
silica and the optimum conditions and the detailed characterizations of the
isolated fibrous nanosilica are discussed in detail.



Chapter 5 is divided into part A and part B. Part A focuses on the
optimization of the polymer blend by evaluating its mechanical, thermal and
rheological parameters. High molecular weight high density polyethylene
(HMHDPE) and linear low density polyethylene (LLDPE) are selected for
the preparation of blend and 80/20 HMHDPE-LLDPE (HL-2) blend is
chosen for further nanocomposite fabrication. PartB describes the fabrication
and evaluation of the synthesized nanozirconia on the mechanical, thermal,
morphological and rheological behavior of the blend.

Chapter 6 of the thesis deals with the fabrication and evaluation of
fibrillar nanosilica composite of HL-2 blend. The effects of CGS, PGNS
and BMS silica in modifying the HL-2 matrix are discussed in Part A,
Part B and Part C respectively.

The zirconia and silica filled nanocomposites of HL-2 blend for
high performance applications like load bearing in biomedical field is
described in Chapter 7. Detailed descriptions of the mechanical
properties like compressive modulus, fracture toughness and wear
resistance are also described.

The summary and conclusions and the future outlook of the study is
presented in Chapter 8.
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INTRODUCTION

1.1 Introduction

1.2 Polymer blend

1.3 Polymer blends from thermoplastic matrix
1.4 Composite

1.5 Nanomaterials

1.6 Nanosilica

1.7 Nanozirconia

1.8 Polymer nanocomposites

1.9 Scope and objectives of the present work,

General aspects of polymer blends and nanofillers as modifiers are presented in
this chapter. Recent developments in polymer nanocomposites are also outlined.
The material progresses into the Scope and objectives of the present work.

1.1 Introduction

Rapid advancement in nanoscience and nanotechnology has profoundly
influenced day to day life of mankind. The properties of polymers can be
tailored by the incorporation of nanofillers. Since nanofiller have large
surface area it can effectively affect the polymer even at the molecular
level and has evolved a new class of engineering material namely
‘Nanocomposites’. In the current era of composites, nhanocomposites are
finding applications in a variety of fields such as aerospace, biomedical
field etc. Among the various nanofillers, nanosilica and nanozirconia

possess a unique position in the owing to their fine properties.
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Blending of two polymers has obvious attractions since it provides a
new material with desired set of properties which may not be observed in
constituent polymers. On account of economical and technical uncertainties
associated with synthesis of new polymeric material, blending technique is
a very easy and cost effective approach. Over the past decades modification
of polymer blends with nanofillers opens innumerable ways to generate
technologically innovative products. In the thermo-mechanical performance
of the polymer blend can be enhanced by the addition of nanofillers owing

to their better filler matrix interactions.

The properties of polymer/polymer blend nanocomposites are equally
determined by the molecular structure of the polymer/polymer blend, the
processability of nanocomposite and also the filler-matrix interactions.
Since various kinds of nanofillers in enormous quantity are required for
technological applications, nowadays scientists are interested in cost effective
large scale synthesis of nanoparticles with less than 100 nm in diameter.
In this aspect bio fillers assume increasing importance because of their

renewable source and low cost.

1.2 Polymer blends

The first polymer blend was a mixture of natural rubber and gutta
percha developed and patented by Thomas Hancock in 1846 [1]. The term
polymer blend can be used to describe a mixture of two or more polymers
or copolymers [2] and can be interchanged with the term polymer composite.
A polymer alloy explains an immiscible polymer blend with a distinct
phase-morphology [2]. An interpenetrating polymer network is a polymer

blend in which one or more components undergo polymerization in the
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presence of the other [3]. Other terms can be used to depict polymer blends
and these primarily relate to state of miscibility of the blend.

A polymer blend is obtained by combining at least two or more
macromolecular substances, polymers or copolymers in which the individual
component is more than 2 wt %. Blending provides a smart approach of
developing new materials with improved properties like chemical resistance,
impact strength etc. Blending reduces the number of grades that need to be
manufactured and stored, so saving space and capital investment. Blending
also helps in rapid formulation changes and thereby ensures better plant
flexibility and high productivity. Furthermore processability of materials can
be improved by blending which are otherwise limited in the ability to be
transformed into products. Consequently the development of new polymer

blends is found to increase at a rate about three times in the plastic industry.

1.2.1 Thermodynamics of blending

The most important characteristic of a polymer blend is the phase
beavior. Polymer blends can exhibit miscibility or phase separation or
various levels of mixing in between the extremes (e.g., partial miscibility).
The most important factor leading to miscibility in low molecular weight
materials is the combinatorial entropy contribution which is very large
compared to high molecular weight polymers. The most important

relationship governing mixtures of dissimilar components 1 and 2 is:

AGm :AHm - TASm ................................................................... (1.1)

where AGn, is the free energy of mixing, AH,, is the enthalpy of mixing

(heat of mixing) and ASn, is the entropy of mixing. For miscibility to occur,
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AGp must be smaller than 0. For low molecular weight materials, increasing
temperature generally leads to increasing miscibility as the TAS, term
increases, thus driving AGn, to more negative values. For higher molecular
weight components, the TAS, term is small and other factors (such as non-
combinatorial entropy contributions and temperature dependant AH, values)
can dominate and lead to the reverse behavior, decreasing miscibility with

increasing temperature.

1.2.2 Types of blends

According to the thermodynamic point of view polymer blends are
broadly classified as miscible, partially miscible and immiscible blends [4].
Miscible blends are characterized by the presence of a single glass
transition temperature (Tg), single phase and thermodynamic solubility.
Mostly their properties can be predicted as weighed average of the
properties of individual components. Polystyrene-Polypropylene oxide
(PS-PPO) is one of the examples for a miscible blend with miscibility over
a wide range of temperature and in all compositions, the inflammability,
heat resistance and toughness of PPO is combined with the good

processability and low cost of PS.

Immiscible blends exhibit T4 and/or melting temperature of both
components, and are phase separated. The overall performance of the blend
not only depends on the properties of the individual components but also the
morphology of the blends and the interfacial properties between the blend
phases. Most of the polymer blends are immiscible due to the negligibly
small entropy of mixing. When small amount of one component is added,

many polymer systems are miscible but immiscible a higher loading [4-6].
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For partially miscible blends one of the components of the blends is
dissolved in the other. This kind of blends display excellent phase
morphology and improved properties and is compatible. Both components
of the blend are homogeneous and possess their own T4 and both the Tgs
are shifted from the values for the pure blend components towards the T,
of the other component. An example for partially miscible blend is
Polycarbonate- Acrylonirile butadiene styrene (PC-ABS) blends, which
combine the heat resistance and toughness of PC with the processability,

stress cracking resistance, low temperature impact and low cost of ABS.

The adverse effects are so pronounced that the resultant material is
most likely unusable. The main reason is that most polymer pairs are
immiscible and blending leads to a phase separated material. This material

has three inherent problems [4],

1) Instability of immiscible polymer blends
2) Weak interfacial adhesion between the two phases

3) Poor dispersion of one polymer phase in the other

1.3 Polymer blends from thermoplastics

Thermoplastics account for about 80 percent of all polymers
produced. Relatively low cost and easy processability, they are most
extensively used in plastic industry. Among thermoplastics, polyolefins
such as polyethylene (PE), polystyrene (PS), Polypropylene (PP) occupy
an important position in the commodity plastics market. It is anticipated
that about 70% of polyethylene enters into the market as blends. As a result,

miscibility of polyethylene blends has been a ubiquitous research topic in the
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polymer community over the past two decades. At the present instant the
usages of polyolefin blends have augmented due to the increased applications

in packaging and medicine.

Polyolefins can be divided into two main types, polyethylene and
polypropylene, which are subdivided into several grades for different
applications. Commercial polyethylene resins, despite their name, are most
often copolymers of ethylene, with varying fractions of a-olefin co-monomer.
The generally used a-olefins are 1-butene, 1-hexene, and 1-octene. They are
used to decrease the density and crystallinity of the polyolefin, while changing
its physical properties and applications. Among polyolefins HDPE, LLDPE,
LDPE, and PP are the most widely used polymers for blending. Based on
the density and branching, polyethylenes are classified into different
categories and are shown below. Type of branching, crystal structure and
molecular weight significantly reflect the mechanical and other physical
properties. Mainly polyethylenes are used for packaging industries.

Nowadays much attention is given to biomedical field.

= Ultra high molecular weight polyethylene (UHMWPE)

= Ultra low molecular weight polyethylene (ULMWPE)

=  High density polyethylene (HDPE)

= High density cross linked polyethylene (HDXLPE)

=  High molecular weight polyethylene (HMWPE)

= High molecular weight high density polyethylene (HMHDPE)
=  Medium density polyethylene (MDPE)

= Very low density polyethylene (VLDPE)

=  Low density polyethylene (LDPE)
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= Linear low density polyethylene (LLDPE)

= Ethylene ionomers

Ultra high molecular weight polyethylene (UHMWPE) is similar in
structure to HDPE, produced by the Ziegler process and its molecular
weight range between 3.1 and 5.7 million. As a result of large molecular
weight, high degree of polymer chain entanglements, it has high melt
viscosity and therefore relatively difficult to process. Consequently their
usage is limited, but it can easily be drawn into fibers. The benefits of using
UHMWPE arise from the superior impact properties, high abrasion
resistance, low creep and good resistance to stress-cracking. The outstanding
properties make UHMWPE find applications in various fields, especially
moving parts of weaving machines, gears, bearings etc. Its high impact
strength leads them used for armor and radar domes. Currently, the main

application of UHMWPE is in biomedical applications as artificial joints.

The most sold volume among different grades of polyethylene is
HDPE, LDPE and LLDPE. By volume of consumption, HDPE is the top
among the three different grades of PEs [7]. HDPE with density 0.94 to
0.97 g/cm® has short or very low degree of branching, making it highly
crystalline and confers unique mechanical properties. HDPE is stiffer and
stronger than LDPE. Its molecular weight ranges from 100,000 to 200,000.
HDPE is prepared using Ziegler and Natta catalyst at low temperature and
pressure. It is mainly is used for packaging applications. Since HDPE is a
safe plastic material, it can also be used for the manufacturing of toys.
Superior mechanical properties make it suitable for biomedical field,

especially in bone implant applications [8, 9].
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LLDPE is considerably a linear polymer with short branches or side
chains, stiffer than LDPE with different melt processability. Its density
ranges between 0.915 to 0.925 g/cm® and have high puncture and impact
resistance. LLDPE is a copolymer of ethylene and an alpha conventional
LDPE. It is well known that LLDPE has superior properties (tensile strength,
environmental stress crack resistance, etc.) compared to conventional LDPE.
Major applications of LLDPE are in packaging industry due to its flexibility,
transparency and better toughness. It also finds use in the manufacture of
toys, lids and cable covering. Recently, LLDPE has been used as a blend
with other polyethylenes or to completely replace other grades for certain
specified applications [10, 11].

LDPE is formed by free radical polymerization. It is characterized
by high degree of long and short chain branching, for this reason the chains
do not pack well into the crystal structure [9]. Thus the density is small
compared to the above ones, ranging from 0.925-0.940 g/cm®. Consequently
the intermolecular force of attraction is less, since instantaneous-dipole
induced-dipole attraction is low. This creates lower tensile strength and
superior ductility. This tough and flexible polymer mainly used for
packaging film, general purpose moulding of domestic products such as

bottles and tubes, depending on the molecular weight [9].

HMHDPE is a type of HDPE, having much higher molecular weight
and a broader molecular weight distribution than HDPE which imparts
enhanced toughness and good stiffness along with superior abrasion and
chemical resistance [12]. Therefore, HMHDPE is widely used in a variety
of bearing applications, at low temperature conditions with good chemical

resistance [13].
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1.3.1 Polyethylene blends

Datta and Birley were the first researchers to study the compatibility of
HDPE-LDPE and HDPE-LLDPE blends in the solid state, particularly their
crystalline phase, using DSC, XRD, and mechanical property testing [14].
Y. Zhao et al. studied the effect of branches of LLDPE on the miscibility of
HDPE-LLDPE blend, and reported in blends with low content of branches,
the two components are mixed perfectly and form co-crystals. It also
implies that the miscibility of the linear and branched polyethylenes is
affected not only by the content of branches but by the distribution of
branches in branched polyethylene [15]. H. S. Lee and M. M. Den reported
the rheological properties of the blends of linear and branched polyethylenes.
The most significant observation of this study is that, HDPE, which is
miscible in at least some composition with both LLDPE and LDPE, can be
used as a compatibilizing agent for LLDPE-LDPE blends to create a
ternary system that appears to be fully miscible [16].

M. Munaro and L. Akcelrud demonstrated considerable enhancement in
the stress crack resistance of HDPE based materials attained by blending with
other types of polyethylene. Better results were found for the combination of
HDPE with LLDPE as compared to LDPE, possibly due to co-crystallization
[17]. The addition of UHMWPE to HDPE with different proportions
hopefully improved the mechanical properties of HDPE film in a two-step
processing way as reported by J. Zuo et al. [18]. Gongde Liu et al. also
showed that addition of PP to UHMWPE improved the processability of the
blend compared to UHMWPE alone or its blend with HDPE [19].
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Several authors agree with the assumption that resistance to
environmental stress crack is directly related to the density of molecules
which in turn is related to the number of short branches and the molar mass
of the polymer. It has also been reported that for PE blends, the miscibility
and crystallinity play an important role in the blends behavior [20-22]. The
use of nanoscale indentation with the AFM for the identification of phases in
blends of LLDPE and HDPE M.S has been studied by Bischel et al. [23].

G. Sarkhel et al. investigated the mechanical and rheological
properties of HDPE-LDPE blends and reported that percentage of
crystallinity of the blends decreased with increasing LDPE content, but the
rate of crystallization of HDPE was unaffected [24]. A lower content of
HDPE containing blend showed better miscibility compared to the blend
containing higher HDPE; this was due to the relatively poor compatibility
of crystalline HDPE phase with LDPE.

Polyethylene blends have been extensively investigated in terms of
their rheological properties. Several research work has been broadly
explored the rheological beavior of HDPE -LLDPE as well as HDPE -
LDPE and LLDPE -LDPE blends. These works established that polyolefin

blends can be miscible, partially-miscible or immiscible.

1.4 Composites

Composites are another class of material system combined of two
materials. One of the component is called the reinforcing phase embedded
in the other component called the matrix phase. The reinforcing materials

can be in the form of fiber, sheets or particle and the matrix material can be
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metal, ceramic or polymer. Typically, reinforcing materials are strong with
low densities, while the matrix is usually a ductile or tough material.
Natural composite materials are complex structures consisting of
continuous or discontinuous fibrous or particulate material embedded in an
organic matrix acting as glue. Wood is a composite of fibrous cellulose and
lignin. Bone is a composite of collagen and other proteins and calcium
phosphate salts. The shells of mollusks are made of layers of hard mineral

separated by a protein binder.

1.4.1 Classification of composites

Composites can be classified in different ways [25]
I.  Depending on the matrix system

a) Metal matrix composites(MMC)

b) Ceramic matrix composites (CMC)

c) Polymer matrix composites (PMC)

d) Rubber matrix composites(RMC)

Il.  Depending on the occurrence of composites
a) Natural composites-(e.qg., jute, silks, wood, bamboo)

b) Man-made composites-(e.g., glass reinforced fiber)

I1l. Depending on the size of constituents
a) Macrocomposites - consisting of macro sized particle like
galvanized steel, helicopter blades etc.
b) Microcomposites — comprising of metallic alloys, reinforced
Plastics etc.
c) Nanocomposites — composite system having at least one of the

components in the nanometer size range.
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IV. Depending on structural components
a) Fibrous composites(compound of fibrous filler in matrix )
b) Laminar composites(compound of layer of materials)
c) Particulate composites(compound of particulate fillers in matrix)
d) Skeletal composites(composed of continuous skeletal matrix

filled with a second matrix)

1.4.1.1 Nanocomposites

With the advancement in nanotechnology, nanocomposites prevail
over all other composite materials. In nanocomposites one of its
constituents called the reinforcing filler is having dimension less than 100
nm and is continuously dispersed in the matrix phase. The effectiveness of
the nanocomposites is reliant upon the properties of the reinforcing
constituents, the volume fraction of the nanomaterial, shape and arrangement
of inclusions and finally the interfacial interaction between matrix and
particulates. The nanoscale dimension of the reinforcing filler offers ultra
large interfacial area per volume resulting in extraordinary properties to the

nanocomposites.

The major advancement of nanocomposites over other conventional

composite materials is:
=  Light weight due to low filler loading
= Economical due to less amount of filler used

= Superior properties such as mechanical, optical, thermal, barrier,
electrical etc., over conventional composites even at very low
filler loading [26]
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1.5 Nanomaterials

Nanotechnology has the potential to produce significant changes in
areas such as resources and manufacturing, energy and environment,
electronics and chemicals, computation and information technology,
medicine and healthcare, pharmaceutical, biotechnology and agriculture,
etc. The advancement of nanoscience and nanotechnology has developed
extensive range of novel nanomaterials. Nanomaterials serve as a bridge
between the molecular and condensed phase [27]. The outstanding
properties of nanocomposites offered by the nanomaterials are mainly due
to their surface to volume ratio of nanomaterial. When the particle size
decreases the number of atoms present on the surface anonymously
increases; as a result, the interatomic forces like the electrostatic as well as
magnetic attraction becomes stronger [27-29]. Their chemical and physical
properties differ from those of the bulk solids. Since the surface energy of
nanoparticles is much higher they will easily agglomerate or aggregated.
Therefore proper dispersion of nanoparticles in the polymer matrix is a

challenging problem in developing nanocomposites.
1.5.1 Classification of nanomaterials

The nano-scale materials are categorized on the basis of origin, number
of dimensions which exist in the nanometer range and structural configuration.

1.5.1.1 Based on origin

a) Natural nanomaterials: Nanomaterials from natural source like

corals, shells, etc are exploited for creating nanocomposites.

b)  Artificial nanomaterials: Nanomaterials synthesized artificially

Tailoring HMHDPE/LLDPE blend for High Performance Applications: Role of Nanozirconia, Silica nanofibers



Chapter 1

= Engineered nanoparticles- Nanomaterials prepared to meet
specific properties. eg- carbon nanotubes, nano silica, nano

zirconia, quantum dots etc.

= Incidental nanomaterials- Nanoparticles produced as a by-

product of manmade process.

1.5.1.2 Based on dimension

a)

b)

One dimensional (1-D): These have one of the dimensions of the
nanostructure in the nanometer range. These include nanoplatelets,
nano sheets, and nanolayers. Example: clay nanoplatelets, graphite
nanoplatelets.

Two dimensional (2-D): In which two of the dimensions of the
nanomaterials are in nanometer scale and the third one outside the
nanometer range. Nanorods, nanowires and nanotubes come under

this category. Example: carbon nanofibers and carbon nano tubes.

Three dimensional (3-D): All the three dimensions are inside the
nano meter scale. These include nanoparticles, nanocrystals. Example:

Fullerenes.

1.5.1.3 Based on structural configuration

a)

b)

Carbon based nano materials: These are nanomaterials having carbon
origin, and are ellipsoids, spherical or cylindrical in shape. Example:
fullerenes, nanotubes (SWCNTs and MWCNTS)

Metal based nano materials: The nanomaterials having metal origin
and these include nanogold, nanosilver and other metal oxides, such

as titanium dioxide, iron etc.
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1.5.2 Preparation of nanomaterials

There are two general ways offered to produce nanomaterials [30].
The first way is to start with bulk material and then break it in to small
pieces using mechanical, chemical or other form of energy (Top down). An
opposite approach is to synthesis the material from atomic or molecular
species via chemical reactions and allows the precursor particle to grow in to
size (Bottom up). Both approaches can be done in either gas, liquid, super
critical fluids, solid state or in vacuum. Bottom-up process is economical
and creates less waste. Most of the manufactures are interested to control
a) particle size b) particle shape c) particle distribution d) particle

composition e) degree of particle agglomeration.

Numerous methods for the preparation of nanomaterials have
previously been reported which comprise sol-gel technique , micro emulsion
processes, spray pyrolysis and drying, self assembling, mechano chemical
processing, super critical water processing, vapour transport process,
sonochemical process, homogeneous precipitation, solid-state reaction,
wet-chemical precipitation method, chemical vapour deposition method

and thermal decomposition etc.

Some of the main techniques generally used are:

1.5.2.1 Sol — gel process

The sol-gel technique is a long established industrial process for
generation of colloidal nano particles from liquid phase by reactions like
hydrolysis, polycondensation and drying [31, 32]. The method consist of
the generation an inorganic framework via the formation a colloidal

suspension, called the sol followed by the gelation of the sol leads to the
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generation of net work in the continuous liquid phase called gel. The
process has been further developed in last year for the production of
advanced nanomaterials and coating. The main advantages of sol-gel
techniques for the preparation of the materials are low temperature
processing, versatility and flexible rheology allowing easy shaping and the
embedding. This method is mainly adopted for the preparation of ceramic

nanomaterials like metal oxide nanoparticles.

1.5.2.2 Chemical vapour deposition (CVD)

CVD consist in activating a chemical reaction between the substrate
surface and a gaseous precursor. Activation can be achieved either with
temperature (thermal CVD) or with plasma (PECVD - Plasma Enhanced
Chemical Vapour Deposition). The main advantage is the non directive

aspect of this technology [33, 34].

1.5.2.3 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 vaporized and atomic
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.

1.5.2.4 Super critical fluid synthesis

Methods using supercritical fluids are also potent for the synthesis of
nanoparticle. For these methods, the properties of a super critical fluid (fluid
forced into supercritical state by regulating its temperature and pressure) are
used to form nanoparticles by a rapid expansion of a supercritical solution
[35, 36].
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1.5.2.5 Wet chemical precipitation

This method involves the mixing of desired precursors in a
controlled manner in liquid phase. The main advantages of this method are
the ease of production, high purity of the synthesized product, low working
temperature, and inexpensive synthetic requirements [37, 38].

1.5.2.6 Mechanical process

These include grinding, milling and mechanical alloying technique
[39]. These processes utilize the age-old technique of physically pounding
coarse powders into finer ones, which is similar to the grinding flour mills.
The advantages of these techniques are that they are simple and require low
cost equipment. However, there can be difficulties such as agglomeration of
the powders, broad particle size distributions and contamination from the

process equipment itself.

1.5.2.7 Using templates to form nanoparticles

Any materials containing regular nano-sized pores or voids can be
used as templates to form nano particles [40]. Examples of such templates
include porous alumina, zeolites, diblock co-polymer, dendrimers, proteins
and other molecules. The template need not be a 3D object. Artificial
templates can be created on a plane surface or on a gas liquid interface by

forming self-assembled mono layers.

1.6 Nanosilica

Among the various nanomaterials, the most extensively investigated
particulates are layered silicates (nanoclay) and carbon nanotubes, which

are two- and one- dimensional in geometry, with large aspect ratio (usually
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100). Recently attention is paid to low aspect ratio, such as spherical or
cubic shaped nanoparticles, especially, nanosilica (nano-SiO,) due to its
wide range of potential applications and low cost. Due to the inherent
properties of nanosilica, it plays crucial role in the field of ceramics,
optoelectronics, sensors, rubber technology, food materials, aeronautical
and biomedical materials, in addition to its promising use in catalysis and
chemical separations (41-47).

Some major roles of nanosilica in different applications include:

. As a reinforcing material

In polymers to improve their properties for specific applications
nanosilica reinforced polymers such as polymethacrylates, polyimides,
polyamides, polyacrylics, polyoleifns, elastomers etc. show better
resistance to staining and remarkable barrier properties to gases and
moisture and also exhibit good mechanical properties. The addition
of small amounts of silica nanoparticles to the cement paste can
reduce the calcium leaching rate of the cement paste. Portland
cement composite with nanosilica has a more solid, dense and stable

bonding framework [43].

" In opto-electronic applications

Silica nanotubes draw special attention in this aspect. It has potential
applications such as nano containers and nano reactors and in photo
induced energy transfer and electron transfer [44]. Nanosilica films
(Xerocoat), when applied to mirror/glass materials help to prevent

unwanted reflections which allow the passage of light through glass
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thereby improving the vision. It is used as an encapsulation and
protective coatings in electro-optically active materials and also in

optoelectronic applications.

= In biomedical field

Silica nanoparticles especially mesoporous nanosilica is used in
various biomedical applications, such as in protein adsorption,
separation, nucleic acid detection, molecular imaging, gene therapy,
drug delivery, tissue engineering, scaffolds and regenerative medicine

applications [48, 49].

Because of this the large scale industrial and engineering applications,
nanosilica with controlled size and shape is required. Therefore recently
much attention is given to the synthesis and characterization of nanosilica
suitable for specific application. The major routes for the production of
synthesizing amorphous silica are the wet chemical and thermal route [50-52].
These processes are time consuming and energy intensive. More over the
reagents requisite for the intention are usually sodium silicate, alkyl
orthosilicates etc, are not the best commercial sources of silica owing to
their flammability, high cost, difficulties in handling and storage and also
the exposure of silicon alkoxides precursor [53-55]. Therefore, their
replacement with a comparatively less expensive and robust inorganic
silica source is required [56-59]. Also the properties of nanosilica depend
strongly on the synthetic conditions like the time of reaction, synthesis
temperature, pH, addition of surfactants, and the manner of washing and
drying. These factors manipulate the size and morphology of the SiO,

particles, and also their aggregation, specific surface area and porosity.
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Increasing demand and inflexible performance requirements have given
thrust for finding new sources for the isolation of silica for the preparation

of nanocomposites [60,61].

1.6.1 Significance of green /renewable sources for nanosilica synthesis

Currently, the tuning of agricultural residues into value-added
nanomaterials is of immense attention to all researchers because of their
properties, such as biocompatibility, eco-friendliness, biodegradability,
sustainability and cost effectiveness. For the last few years, due to the easy
availability, low cost, rapidly increasing environmental awareness, growing
global waste problem, limited availability of crude oils and high processing
cost trigger the development concepts of sustainability and reconsideration
of renewable resources, and ecological concerns, researchers have initiated a

considerable interest in natural materials to produce ‘green’ products.

Due to the inconvenience in handling the chemicals and their high cost
we are forced to develop an economically viable method to fabricate
nanosilica from a silicon-containing biomass material. Silica has long been
known to be present in plants. Silica showed the greatest variation between
plants, plant parts, and species of plants. Plant varieties, soil type, water uptake
as well as the conditions influence the concentration of silica in plants [62,63].
In addition to this, grass inflorescence also influences the silica content
[64,65]. In continuing attempts to reduce processing cost and time, many
research works have been published on the use of rice husk as a raw material
for producing silica nano particles [61, 66-72]. Silica can be successfully
isolated from Stenotaphrum secundatum (St. Augustine) grass using an

annelid-based biotransformation process as reported by Espindola et al. [73].
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1.7 Nanozirconia

Nanomaterials has been explored more attention due to their lower
size and large surface area. Nanozirconia alone has increased manifold
applications. Zirconia has three well-defined polymorphs; tetragonal,
monoclinic and cubic phases (t-ZrO,, m-ZrO, and c-ZrO,). Zirconia exists
in monoclinic form at room temperature and gets converted to the
tetragonal phase at 1447 K. The tetragonal phase is further converted to the
cubic phase at around 2643 K.

Nanozirconia can be exploited as a catalyst in a variety of reactions
like alkylation, amination, condensation, isomerisation, cracking, hydration,
oxidation, etc. Owing to the excellent properties like high strength, high
fracture toughness, excellent wear resistance, high hardness, and good

chemical resistance, zirconia nanoparticles find applications in different fields.

Some major areas of its interest include:

" Catalysis
Zirconia mixed oxide systems find applications as a catalyst and as a

catalyst support [74]. Sulfated zirconia has been explored in catalytic

processes owing to its use as a ‘super acid’ [75, 76].

= Electronic field

Zirconia finds applications in optoelectronic field, since 95% of the
ferrules, the most vital part of the optical fiber connectors, are made
of zirconia and the extreme precision was obtained by using
nanozirconia, instead of its micro particles [77, 78] buffer layers for

growing super conductors [79, 80], improve the quality of the plates
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CTP (Computer To Plate) [81]. Nanoporous zirconia is used
typically as a good sensor material for oxygen [99]. NASICON, a
solid ionic conductor containing zirconia is for electrochemical
applications as solid electrolyte or sensitive membranes for
potentiometric detection of alkaline cations [82-84].

. Polymer modifiers

Reinforcement of nanozirconia with polymers and other materials
produce composites with enhanced performance for specific
applications. Nanozirconia in its pristine form as well as its mixed oxide
systems is used as a component of wear resistant/protective coatings. In
order to extend the service life of UHMWPE based artificial implant,
the wear resistance can be enhanced by the incorporation of ZrO,. The
friction and wear behavior of other polymeric materials can also be

improved by the incorporation of nanozirconia.

= Biomedical field

Because of its extremely low wear and excellent biocompatibility
offer nanozirconia, a viable material for use in ceramic joints [85-87].
Tetragonal nanozirconia has been successfully used as a good
sorbent in the development of radionuclide (for example: ®Ge/*®Ga

and **Mo/**™Tc¢) generators for biomedical applications [88, 89].

Among the different polymorphs of zirconia t-ZrO, and m-ZrO, are
of more importance for its catalytic applications because of high thermal
stability, high BET surface area and amphoteric nature [90, 91]. Since
tetragonal and cubic phases are unquenchable at high temperature, obtaining

them at lower temperatures has gained importance due to their potential
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applications [88, 92, 93]. Several attempts have been made to achieve
stabilized tetragonal and cubic phases by doping zirconia with a variety of
metal oxides like CaO, Y,03, CeO,, Ce;03, La,03 MgO, CuO, Cry0s3,
MnO,, NiO, SnO; etc. [94-97]. However it is very difficult to control the
dopant and the synthesis proceeds through a tedious route. In some cases
t- ZrO, exists at room temperature and the condition of its stability is still a
subject of arguments [98, 99].

1.7.1 Synthesis of nanozirconia

Researchers have explained many synthetic routes like precipitation,
sol-gel method, chemical vapor synthesis, micro emulsion method,
glycothermal process, and hydrothermal precipitation process to obtain
these polymorphs even without adding the dopant metal. For realizing
industrial production, the most familiar and simple method used to prepare
nanozirconia is the “Sol-Gel” technique [100, 101] and is often in
top-priority because of easy processability, low energy consumption,

inexpensive, simple methods and equipments.

No matter which method is used to prepare nanopowder but the
problem to be solved is, to overcome agglomeration and precipitation.
Recently, a great deal of interest was focused on the synthesis of the
nanostructured mesoporous oxides using a surfactant-assisted route to
conquer the agglomeration [102, 103]. Sintering temperature is another
factor which affects aggregations; lower being the better, because when
sintering is done at lower temperature, the crystallite size collapse is less
frequent. Furthermore the key role in stabilizing the tetragonal phase of the

nanozirconia is played by ‘the small crystallite size’.
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1.7.1.1 Surfactant assisted synthesis

Nanomaterials can be synthesized by precipitation or sol-gel method
using the requisite reagents in presence of a polymeric dispersing agent. The
medium used for carrying out the reaction is a big challenge because almost
all the wet chemical methods face two major problems i.e., agglomeration
and also ZrO, particles containing phase mixtures with high amount of
monoclinic phase along with existence of amorphous hydrous ZrO, [104,
105]. Presence of dispersing agents with large number of hydroxyl groups
per molecule would produce a matrix into which synthesized particle would
be incorporated, thus producing materials in the nanoscale. This occurs by
the interaction between the hydroxyl groups of dispersing medium and
the hydroxyl groups of reagent which results in co-condensation. The
synthesized material after complete drying is proposed to be calcined to
remove the dispersing medium matrix and hence obtaining nanoparticles.
Generally poly vinyl alcohol (PVA), starch and carboxy methyl cellulose
(CMC) are used as good dispersing agent for the synthesis of nanomaterials.
Nanocrystalline zirconia powder with high surface area, pure tetragonal
phase and mesoporous structure was prepared by a surfactant-assisted route
by using Pluronic P123 block copolymer as the surfactant by M. Rezaei et al.
[106]. NanoBaSO, was successfully synthesisized by using PVA as
polymeric surfactant as reported by Nisha et.al [107].

1.8 Polymer nanocomposites

Polymers are considered to be good hosting matrices for composite
materials because they can easily be tailored to yield a variety of bulk
physical properties. Moreover, organic polymers generally have long-term

stability and good processability. Inorganic nanoparticles possess outstanding
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optical, catalytic, electronic and magnetic properties, which are significantly
different their bulk states. By combining the attractive functionalities of both
components (organic polymers and inorganic nanoparticles), nanocomposites

are expected to display synergistically improved properties.

Moreover in the case of polymer nanocomposites, where the
reinforcement particles are in nanometer scale, they have ultra large interfacial
area per volume, and the distances between the polymer and filler components
are extremely short. Polymer coils are 40 nm in diameter and the nanoparticles
are of the same order of magnitude as the polymer. As a result, the molecular
interactions between the polymer and the nanoparticles will be effective
leading to polymer nanocomposites with unusual material properties. The
resultant nanocomposites exhibit enhanced optical, magnetic, mechanical and
optoelectronic properties. Consequently, the composites have been extensively
used in the areas such as military equipments, protective garments, aerospace,

electronics, safety, automotive, optical devices and biomedical field.

1.8.1 Preparation of polymer nanocomposites

After the selection of a particular polymer matrix and appropriate
nanoparticles for species applications, the next challenge is to determine the
proper synthesis method to create the desired polymer nanocomposite. In
general, for solid thermosetting reactive polymers or thermoplastic polymer

with solid nanoparticles, the following processing methods are recommended

= Solution intercalation
=  Melt intercalation
= Roll milling
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For liquid thermosetting reactive pre polymers or thermoplastic
polymers with solid nanoparticles, the following processing methods are
recommended:

= Emulsion polymerisation

= In-situ polymerisation

= High-shear Mixing

1.8.1.1 Solution intercalation

The layers silicate is exfoliated into single layers using a solvent in
which the polymer (or a thermosetting reactive pre polymer, in the case of
insoluble polymers such as polyimide) is soluble. It is well known that
such layered silicates (due to the weak forces that stack the layers together)
can be easily dispersed in an adequate solvent. The polymers then absorb
onto the delaminated sheets and when evaporated (or the mixture precipitated),
the sheet reassembles, sandwiching the polymer to form an ordered

multilayered structure [108].

1.8.1.2 Melt intercalation

The layered silicate is mixed with the solid polymer matrix in the
molten state. Under these conditions, if the silicate layers are sufficiently
compatible with the selected polymer and the polymer can be inserted into
the interlayer space forming either an intercalated or an exfoliated

nanocomposite. No solvent is required for this method [109].

1.8.1.3 Roll milling
Three-roll milling is considered as low-shear mixing for incorporating

nanoparticles into masticated polymer, as compared to high-shear mixing
[109].
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1.8.1.4 Emulsion polymerization

In a manner analogous to the solution intercalation technique, the
layered silicate is dispersed in the aqueous phase, and the polymer
nanocomposites are formed. The emulsion polymerization technique has
been used to study the intercalation of water soluble polymer with in Na®-
MMT, which is well known to readily delaminate in water [108].

1.8.1.5 In-situ polymerization

The layered silicate is swollen within the liquid monomer (or a
monomer solution) so that the polymer formation can occur between
the intercalated sheets. Polymerization can be initiated by different
polymerization methods such as heat or radiation, diffusion of suitable
initiator or an organic initiator or catalyst fixed through cationic inside the

layer before the swelling step [110-112].

1.8.1.6 High-shear mixing

The solid or liquid nanoparticles are mixed with the liquid polymer
matrix using high—shear equipment (e.g., an IKA mixer, IKA Wilmington,
NC). High-shear mixing will disrupt the nanoparticle aggregates and
disperse into the polymer matrix resulting in an intercalated or an
exfoliated nanocomposite. This technique may or may not, (especially in

the case of water based polymer) require solvent [110].
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1.8.2 Application of polymer nanocomposites

Table 1.1 Potential applications of polymer-based inorganic particulates
nancomposites (modified from Refs. [113,114]).

Nanocomposites

Applications

Polycarprolactone/SiO,
Polyimide/SiO,

PMMA/SIO,
POLYETHYLACRYLATE/SIO,
Poly(p-phenylene vinylene)/SiO,
Poly(amide-imide)/TiO,
Poly(3,4-ethylene-dioxythiphene)/ V,0s
Polycarbonate/SiO,

Shape memory polymers/SiC

Nylon-6/LS
Nylon-6/clay
Nylon-6/clay
Nylon-6, 12, 66/clay
Nylon-6/PP/clay
UHMWPE/clay

Polypropylene/clay
PEO/LS

PLA/LS
PET/clay

Thermoplastic olefin/clay
Polyimide/clay
Epoxy/MMT
SPEEK/laponite
EVA/clay

Unsaturated polyester/clay

Bone-bioerodible for skeletal tissue repair.
Microelectronics.

Dental application, optical devices.

Catalysis support, stationary phase for chromatography.
Non-linear optical material for optical waveguides.
Composite membranes for gas separation.

Cathode materials for rechargeable lithium batteries.
Abrasion resistant coating.

Medical devices for gripping or releasing therapeutics
within blood vessels.

Automotive timing-belt-TOYOTA.
Barrier films — Bayer AG

Films and bottles - Honeywell
Auto fuel systems - Ube
Electrically conductive

Earthquake-resistance pipes — Yantai Haili Ind.&
Commerce of China

Packaging - Clariant

Airplane interiors, fuel tanks, components in electrical
and electronic parts, brakes and tires.

Lithium battery development.

Food packaging application. Specific examples include
packaging for processed meats, cheese, confectionery,
cereals and boil-in-the-bag foods, fruit juice and dairy
products, beer and carbonated drinks bottles.

Beverage containers.

Automotive step assists — GM Safari and Astra Vans.
Materials for electronics.

Direct methanol fuel cells.

Wires and cables — Kabelwerk Eupen of Belgium
Marine, transportation — Polymeric Supply

[ 28 |

Department of Polymer Science and Rubber Techinology, CUSAT



Introduction

1.8.3 Nanocomposites based on polyethylenes and their blends

HDPE is the largest of the different types of polyethylenes by
volume consumption. K. Li and S. C. Tjong reported that the mechanical
and crystallization behavior were improved by the addition of
Hydroxyapetite (HA) on HDPE. They also stated that thermal stability and
wear resistance were considerably improved [115]. S. Nath et al.
demonstrated the significant improvement in properties like hardness,
stiffness, as well as the biocompatibility of HDPE by the combined
reinforcement of both bioinert and bioactive ceramic fillers like Al,O3 and
HA [116]. A. Y. Sadi et al. investigated the effect of HA and the combined
effect of HA and partially stabilized zirconia (PSZ) particle on the
mechanical properties of HDPE. Partial replacement of HA with PSZ led
to improvement in both strength and toughness in HDPE/HA composite.
As the ceramic counterpart increase in the sample a ductile to brittle

transition was observed [117].

G. Malucelli et al. studied the effect of two different alumina
powders on the thermal and mechanical behavior of LDPE- Al,Os;
composites. The thermo-oxidative stability, stiffness and abrasion resistance
of neat LDPE were enhanced by the presence of nanoalumina [118]. V. M.
Khumalo et al. investigated the effect of synthetic boehmite alumina (BA)
on the thermal, morphological and rheological behavior of HDPE and
LDPE. BA was found to be a weak nucleating agent for both PEs. Thermo-
oxidative stability was improved by the addition of BA to PE while
unexpected melt rheological properties were observed [119]. M. E. A.
Mohsin reported that the use of MMT as secondary filler improved the

thermal, mechanical and morphological properties of CNT/HDPE
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nanocomposite [120]. Tensile, wear and friction properties of the
crosslinked UHMWPE were enhanced by the incorporation of nano HA, by
L. Xiong et al. [121]. B. Jongsomjit et al. synthesized LLDPE-SiO, and
LLDPE-ZrO, nanocomposite via in situ polymerization and reported that
productivity improved five times more when nano ZrO, filler was applied
[122]. A. Durmus studied the effect of nanoclay on the mechanical
properties of LLDPE, and reported that both the tensile yield strength and
modulus improved on filler loading [123]. D. Pedrazzoli et al. reported the
viscoelastic and fracture toughness behavior of LLDPE by nanoalumina
[124]. Tai jin-hua et al. reported the enhanced properties of LLDPE-
MWNT composites [125].

In order to reduce the high melt viscosity of UHMWPE X.Ren et al.
prepared UHMWPE-LLDPE blend and studied the effect of carbon
nanofibers (CNFs) on the blend. The results stated that addition of CNFs
decreased the degree of crystallinity, whereas the crystalline structure of
the blend matrix was unaffected. The tensile properties, thermal stability as
well as thermal conductivity of the blend were also enhanced [126].
Nanokaolin clay was found to be a good reinforcing filler for PS -HDPE
blend as reported by Sunitha et al. [127].

1.8.4 Polymer nanocomposites for high performance applications

Polymer nanocomposites play a crucial role in engineering applications,
where the properties of wear and friction predominant. The advantage of
light weight, self lubricity, ease of processability, corrosion resistance of
polymers along with the high mechanical and wear and friction properties

offered by the inorganic counter parts have allowed them to be the perfect
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choice. According to the specific end-use requirements, nanocomposites
can be carefully tailored/tuned, thus create the required device characteristics
of new and improved materials. They can be extensively applied even in
aerospace applications, medicine and biotechnology, as well as in the food
and cosmetics industries. Applications include devices, implants and
supporting materials (e.g. artificial organs, prostheses and sutures) in
orthopedic applications.

Being a distinct polymer with highest mechanical properties and
chemical resistance over other polymers UHMWPE was excellent choice
among other PEs for most of the engineering applications like valves,
automotive, and engineering bearing. Along with above properties, its
high biocompatibility coupled with wear resistance makes UHMWPE an
attractive component in biomedical applications such as artificial joint

replacements.

Despite the suitability of polymers for engineering applications, the
wear problem still a challenge can be better solved by the incorporation of
nanofillers. Literature supports that the incorporation of nano fibers or
inorganic nanoparticles, other ceramic and bio-material into a UHMWPE
matrix would considerably reduce the wear rate under sliding wear
conditions thus improving the service life of the material [128-136]. B.P
Chang et al. have carried out a comparative study of micro and nano sized
ZnO reinforced UHMWPE under dry sliding abrasive wear conditions, and
reported that both the composites shows improved wear resistance [137].

Wear resistance of UHMWPE can be further improved by adding natural
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biocompatible particles like natural coral particles for the application of
acetabular cups by S. Ge and co-workers [138].

Polyetheretherketone (PEEK) is another strong semi-crystalline
thermoplastic polymer with outstanding mechanical properties and, thus
has been apply as matrix material for high performance composites. It is an
attractive bearing material under different loading conditions. Reinforcing
effect of short glass fibers and CNF on PEEK was studied by Voss and
Friedric, and reported that compared to the glass fibers, carbon fibers
showed excellent wear resistance properties [139]. Incorporation of
nanosilica effectively reduces the friction and wear of PEEK [140].
Abrasion resistance of LDPE was improved by the addition of
nanoalumina [118] HDPE is a ubiquitous material widely used for
packaging applications. With the emergence of HDPE-HA composite
(HAPEX) by Bonefield and co-workers, much research is still going on to
develop this composite for high performance application like bone implant
applications [141]. B.B. Johnson et al. demonstrated the reinforcing effect
of CNTs on HDPE matrix. They reported that wear resistance and
frictional properties of HDPE was improved by the addition of CNTSs
[142]. K. Liand S. C. Tjong studied mechanical, thermal and tribological
behavior of HDPE based nanocomposites reinforced with nanoHA.
The major conclusion drawn from their work is that HA increased the
crystallization temperature along with other enhanced mechanical properties.
NanoHA also caused a substantial improvement in the load bearing capacity
of HDPE [115].
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Fouad and Elleithy [143] developed HDPE-graphite nanocomposites
as load bearing materials for total joint replacement by utilizing the solid
lubricant potential of graphite nanoparticles (GNPs). They reported that
crystallinity of HDPE was amplified due to the heterogeneous nucleation
effect of GNPs, and the tensile strength, Young’s modulus and shear
modulus of the nanocomposites were enhanced to reach corresponding
properties of UHMWRPE. Inorganic nanofillers like nanoZnO have also
been investigated by many researchers for their capability to develop the
tribological properties of polymer matrices like PTFE [144], polyester
[145], and nylon [146]. Polymer matrix tribological properties were
improved by the addition of nanoAg by K.S. Morley and co-workers [147].

1.9 Scope and objectives of the present work

Nanocomposites based on polymer blends are the subject of this
study. The upgradation of PE based polymer blends by incorporating
nanofillers for critical applications is the main objective of this study. It is
proposed to synthesize nanozirconia by sol-gel method and silica nanofibers
from different biomasses as modifiers for high molecular weight high density
polyethylene-linear low density polyethylene (HMHDPE-LLDPE) blend to
widen the spectrum of its use. Different blend compositions of HMHDPE-
LLDPE are proposed to be developed by melt mixing followed by injection
moulding. Optimization of the blend is proposed to be done by evaluating its

mechanical, thermal, rheological, and morphological properties.

Nanozirconia is a versatile material with diverse applications due to
its innate mechanical property and thermal stability. Zirconia has three

well-defined polymorphs. Since tetragonal phase (t- ZrO,) is unquenchable
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at high temperature, obtaining them at lower temperatures without the
presence of any dopant metal oxides has gained importance due to their
potential applications. A specific objective of this study is to attempt a
polymeric surfactant assisted sol-gel method for the preparation of highly
stabilized t-ZrO,. Since a polymeric surfactant acts as a dispersing
medium, the very frequent crisis of nanoparticles agglomeration can be
completely avoided, thus promising zirconia having size lower than 10 nm
can be prepared. Furthermore the role of mode of addition leading to the
formation of monoclinic crystallite phase with spheroid morphology is also
proposed to be well explored.

Recently, applications of nanosilica as a potential nanomaterial have
gained immense interest among the material researchers. But the common
methods for the synthesis of nanosilica are time consuming, energy
extensive and also involve toxicity exposure of silicon containing alkoxides
precursor. Bio fillers are assuming increasing importance nowadays
because of their renewable source and low cost. Thus we propose to
develop a novel green chemical route by exploiting the vast and abundant
silica sources namely Indian grass, Pampas grass and Bamboo for the
isolation of mesoporous nano silica fibers. Thus the present work proposes
to address the environmental issue of grass junk remediation by an
ecofriendly method for the synthesis of fibrous nanosilica. Another
objective is to develop a cost effective method in place of costly templates
used for growing nano wires, nano tubes etc. [40, 148, 149]. It is proposed
to investigate whether the frame work of grass itself can act as a template
for nano synthesis. The product is likely to have high potential for

prepairing polymer based composite materials.

I Department of Polymer Science and Rubber Techinology, CUSAT



Introduction

The synthesized nanozirconia [both tetragonal (t-ZrO,) and monoclinic

(t-ZrOy) zirconia] and silica nanofibers (from the three different sources) are
proposed to be used as modifiers in the HMHDPE-LLDPE blend. The
mechanical, thermal, rheological and morphological properties of the

modified nanocomposites are proposed to be investigated to test its suitability

for high performance applications in the biomedical field.

The specific objectives of the present work are:

1)

2)
3)

4)

5)

6)

To synthesis suitable biocompatible nanofillers and their

characterization

= To synthesis nanozirconia by a surfactant assisted sol-gel
method with spherical morphology, low particle size and

mesoporous structure.

= To isolate silica nanofibers from different grass sources

namely Indian grass, Pampas grass and Bamboo.
To prepare the blends of HMHDPE and LLDPE

To optimise the blend composition by evaluating its physical,

mechanical, thermal, and rheological behavior.

To investigate the reinforcing effect of nanozirconia in
HMHDPE-LLDPE blend

To investigate the potential of silica nanofiber to develop
nanocomposites based on HMHDPE-LLDPE blend.

To optimise the nanocomposites for high performance applications.
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MATERIALS AND METHODS

2.1 Materials
2.2 Experimental methods

2.3 Characterization techniques

The materials and experimental techniques used for the preparation of
nanomaterials and nanocomposites are described in this chapter. The
characterization techniques are also outlined.

2.1 Materials
2.1.1 Polymer matrix for blend preparation
2.1.1.1 High molecular weight high density polyethylene (HMHDPE)

HMHDPE (F00952 with a melt flow index of 0.05 gm/10 min and
density of 0.952 g/cc) was supplied by Sabic, India.

2.1.1.2 Linear low density polyethylene (LLDPE)
LLDPE (019010 with a melt flow index of 0.90 gm/10 min and

density of 0.918g/cc), was purchased from Reliance industries Ltd, Mumbai,

India.
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2.1.2 Materials for preparation of nanofillers
2.1.2.1 Nanozirconia

The reagents required for the synthesis of nanozirconia were of
analytical grade such as

a) Zirconium oxychloride (ZrOCI,.8H,0) was supplied by Spectro
Chem Pvt. Ltd. Mumbai, India.

b) Ammonium hydroxide (NH,OH) was purchased from Merck
specialties Pvt. Ltd. Mumbai, India.

c) Isopropyl alcohol (IPA) was obtained from Sd fine chem. Pwvt. Ltd.

Mumbai, India.

d) Poly (vinyl alcohol) (hot, molecular weight 14000) was supplied
from Spectro Chem Pvt. Ltd. Mumbai, India.

2.1.2.2 Nanosilica

a) Indian grass collected from our campus

b) Pampas grass collected from the river bank of Bharathapuzha

near Shornoor, Kerala, India.
c) Bamboo from local area.

d) Hydrochloric acid (HCI) of assay 37% purchased from Merck
specialties Pvt. Ltd. Mumbai.

2.2 Experimental methods
2.2.1 Preparation of blends and composites

Melt mixing technique was employed for composite preparation.

Thermo Haake Rheomix 600 (Figure 2.1) mixing chamber with a volumetric
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capacity of 69 cm® fitted with roller rotors (Figure 2.2) was used for the
process. The temperature was set at 160 °C. The roller rotors in the
chamber rotate in opposite directions so as to affect a shearing force on the
material. Initially HMHDPE and LLDPE granules were placed in an air
oven set at 100 °C for four hours to remove any moisture present and
allowed to cool to room temperature in desiccators. Then the required
quantities of the polymer pellets initially weighed were fed into the
chamber. After 2 minutes of mixing, requisite amount of fillers were added
according to their corresponding weight %. Two types of composites
(nanozirconia composites, fibrous nanosilica composites) were fabricated
by this method. A mixing time of 8 minutes at a counter rotating rotor
speed of 50 rpm was used for the mixing of the polymers and the fillers.
The hot polymer nanocomposites taken out from the mixing chamber were
pressed in a hydraulic press and were cut into small pieces.

Figure 2.1 Thermo Haake Polylab System
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Figure 2.2 Roller type rotors for melt compounding

2.2.2 Preparation of test specimen

Figure 2.3 DSM 12cc Micro Injection moulding machine

The test specimens were prepared using a semi automatic type
injection moulding machine (Model JIM 1 H series 4508, Figure 2.3) with
a barrel temperature of 170 °C. Using appropriate moulds, dumb-bell
shaped specimens for tensile study and rectangular specimens for impact,
flexural and fracture toughness studies were prepared. Cylindrical specimens
for compressive property and pin for the wear resistance property studies (Pin

on disc) were also prepared in the same manners. The specimens were
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moulded at identical conditions and the properties were taken as the average
property of ten samples.

2.3 Characterization techniques
2.3.1 Mechanical properties
2.3.1.1 Tensile properties

Tensile properties were evaluated using Shimadzu Autograph AG-1
series universal testing machine equipped with a 50 kN load cell capacity
at a displacement rate of 50 mm/min according to ASTM D 638 on dumb —
bell shaped specimens. The gauge length between the jaws at the start of
each test was fixed to 40 mm. A minimum of ten samples were tested in

each composite and the average results were recorded.

2.3.1.2 Flexural properties

Flexural strength means the ability of the material to withstand
bending forces applied perpendicular to its longitudinal axis. Flexural
modulus is used as an indication of material’s stiffness when flexed.
Flexural test was conducted by three point loading system using UTM
(Shimadzu AG-1) with a load cell capacity of 50kN according to ASTM D
790, using rectangular shaped samples at a crosshead speed of 5 mm/min.
The rectangular specimens were placed on a three-point bending apparatus
with two supports spanning 40 mm from each other and loaded by means
of a loading nose midway between the supports until failure. A minimum
of five samples were tested in each sample and the average results were

recorded.
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The flexural strength is given by
S =3PL/2bd?

where S = flexural strength, 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.

The flexural modulus is calculated from the slope of initial portion of

the flexural stress-strain curve.

2.3.1.3 Hardness

Hand-operated durometer was used to measure the surface hardness
(shore D) of the material according to ASTM D 785. Hardness test measures
the penetration of a specified indenter into the material under specified

conditions of force and time.

2.3.1.4 Impact strength

The lzod impact strength was measured using notched samples as per
ASTM D 256 on a Ceast Resil Impact Analyser (Junior) using a hammer of
4 ] at a striking rate of 3.96 m/s. The impact strength is calculated as the
ratio of impact absorption to test specimen cross-section. Toughness is
dependent upon temperature and the shape of the test specimen. The area
under the stress-strain curve is directly proportional to the toughness of the
material. The notched rectangular specimen is fixed vertically in the base of
the machine, a pendulum swings on its course, released and strikes the

sample, and the impact energy is directly read from the machine.

Impact strength = Impact energy (J)/Thickness (m)
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2.3.1.5 Fracture toughness

A single-edge notch three-point-bending (SEN-TPB) test was carry
out to get the critical stress intensity factor toughness (KIC) of the material
according to ASTM D 5045 by using the rectangular specimen [Figure 2.4]
at a crosshead speed of 10 mm/min. The notches were prepared first by the
formation of saw cut slots having rectangular shape with a width of ~1 mm
in the midsection of specimens. Before testing, the samples were pre-
cracked by inserting a fresh razor blade into the sawed notch and impacting
by a hammer. The total notch length of SEN-TPB specimen was in such a
way that (a/w) should be in between 0.45-0.55, where ‘a’ is the initial
crack length (crack pre-notch plus razor tapping notch) and ‘w’ is the
specimen width. Equations (2.1) and (2.2) were used to evaluate the
fracture toughness of the composites by taking ‘P’ as the critical load for

crack propagation and ‘B’ as the specimen thickness.

S=4W

Figure 2.4 Schematic representation of the Specimen for
SEN-TPB fracture toughness test
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2.3.1.6 Compressive strength

Compressive testing was carried out in accordance to ASTM D 695-
02a. Cylindrical specimens were moulded so that their length was twice
their diameter and their two ends were flat and perpendicular to their long
axis. The compressive test was done using UTM (Instron, model 3345)
with a cross head speed of Imm/min using a load cell capacity of 5 kN.
The prepared specimens had dimensions of 6 mm diameter and 12 mm
length and were compressed along their long axis until failure occurred.
The force and displacement were recorded throughout the compression and
converted to stress and strain on the basis of the initial specimen dimensions.
The compressive modulus was calculated as the slope of the initial linear
portion of the stress—strain curve. The offset compressive yield strength was
determined as the stress at which the stress—strain curve intersected with a
line drawn parallel to the slope defining the modulus, beginning at 1.0%
strain (offset). The compressive strength was defined as the maximum stress

carried by the specimen during the compression testing.

Load

emm

12mm

Figure 2.5 Schematic representation of sample for analysis of
compressive modulus
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Figure 2.6 Mould used for the preparation of sample

2.3.1.7 Wear resistance

The tribological characteristics (wear resistance) were measured on a
test device (Figure 2.7) under dry friction and with a load of 5 N at a shaft
rotation velocity of 100 rpm. The polymeric samples in the form of a pin are
abraded against the rough phase in the form of a disc without the presence of
any lubricant. The wear resistance of the materials during sliding was found
using a shaft—block arrangement according to ASTM standards G99 and DIN
50324. The sample friction tracks were studied on SEM.

Figure 2.7 PIN ON DISC test for wear resistance test apparatus

During the course of wear process, takes a few material away from
the specimen. This mass loss can accurately measured by an analytical

balance with a resolution of 0.1 mg. The weight of the sample before and
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after the experiment was measured. A characteristic value, that describes
the wear performance under the chosen conditions for a tribo-system is the
specific wear rate(Ks):

_ Am
- p.F.L

Ks (mm*N*m™)

Where Am is the mass loss, p is the measured density of the sample, F is
the normal load applied, and L is the sliding distance. In order to get the
actual picture of the wear performace the test was conducted with four

samples and an average of these four readings was adapted in our results.

2.3.2 Thermal Properties
2.3.2.1 Thermo gravimetric analysis (TGA)

Thermo gravimetric analysis is a thermal analysis technique for
understanding the thermo-physical properties of materials. TGA aims at
the investigation of pyrolysis and thermal degradation of solids [1]. It
monitors the mass of a sample as a function of temperature or time while
the substance is subjected to a controlled temperature programme [2].
The integral (TGA) and derivative (DTG) thermogravimetric curves give
information about thermal stability and extent of degradation of the
polymeric material. The heating process brings a lot of changes in the

material and finally leaves behind the inorganic filler as the inert residue.

Thermal analysis of the material was determined using Thermo
Gravimetric Analyzer (TGA Q-50, TA instruments) in which approximately
7 mg of the sample was heated from ambient temperature to 600 °C at a

heating rate of 20 °C/min, in an inert (nitrogen) atmosphere.
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2.3.2.2 Differential scanning calorimetry (DSC)

Differential scanning calorimeter (DSC) is a technique for studying
the thermal behavior of a material as a function of temperature as they go
through physical or chemical changes with absorption or evolution of heat.
It is used to investigate thermal transitions, including phase changes,
crystallization, melting, glass transitions of a material as a function of
temperature [3,4,5]. Heat flow, heat absorption (endothermic) or heat
emission (exothermic), are measured as a function of time or temperature
of the sample and the result is compared with that of a thermally inert
reference. The materials, as they undergo changes in chemical and physical
properties, which are detected by transducers, which changes into electrical
signals that are collected and analyzed to give thermograms. DSC directly
gives a recording of heat of flow rate (Cp) against temperature. The
Kinetics of phase transformation can also be studied by DSC. The melting
and crystallization parameter, such as melting point (T), Heat of fusion
(AHgy) temperature of crystallization (Tr,), and Heat of crystallization (AHc)

were used for the comparison of composites.

The degree of crystallinity (X) can be measured as a function of time,
X= AH; (observed) / (1-$) AH¢ (100% crystalline)*100

where AHs (100% crystalline)* for HMHDPE is taken as 293J/g, and (1-¢)
for 80/20 HMHDPE-LLDPE blend as 0.8. DSC measurements were made
onaDSC Q 100 (TA instruments). The samples were heated from 30 °C to
250 °C at the rate of 50 °C/min and kept at isothermal for 3 minutes in

order to remove the thermal history, cooled from 250 °C to room
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temperature then reheated from room temperature to 250 °C at heating rate
of 10 °C /min under nitrogen atmosphere (60mL/min flow.

2.3.3 Structural characterizations
2.3.3.1 Fourier transform infrared spectroscopy (FTIR)

FTIR is a powerful analytical tool used to determine the structure and
functional groups in a molecule. FTIR aims at determining the molecular
structure by detecting the characteristic vibrational frequencies of
molecules. For a vibrational mode in a molecule to be IR active, it must be
associated with changes in the permanent dipole. FTIR spectrum was
recorded on a Fourier transform Infrared Spectroscope, Bruker, Tensor 27
model in ATR mode at wave numbers 4000-400 cm™.Here transmittance

% is presented as the function of wave number (cm™).

2.3.3.2 X-ray diffraction analysis (XRD)

XRD is a unique technique for the characterization of crystalline
materials and their structure determination. The characteristic XRD pattern
obtained from each crystalline solid may be considered as a “fingerprint”
for its identification [6]. By using Bragg’s equation, nA= 2d sin6, where d
is the spacing between the atomic planes in the crystal phase and A is the
wave length of X-rays used, the intensity of the diffracted X-ray is
measured as a function of diffraction angle 20 and specimen orientation.
The value of d spacing gives an indication of the type of the composite
formed. The crystallite size from XRD was calculated by X-ray line
broadening technique using Debye-Scherrer equation D=kA/Bcos, where
k=0.9, B is the full width at half maximum (FWHM) of an hkl X-ray
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diffraction peak at 0 value, and 0 is half of the diffraction angle 26
corresponding to the peak and D corresponds to the crystallite size.

The XRD patterns were recorded using X-Ray Diffractometer,
Bruker, D8 Advance model, employing Cu K, radiation (A =1.54 A) as
radiation source and Ni filter operating at 30 kV and 20 mA at a 20 scan
speed of 10 °/min. The samples were scanned in the range of 3-80° at an
increment step of scanning 0.020°.

2.3.4 Elemental analysis
2.3.4.1 Energy dispersive X-ray spectroscopy (EDS)

EDS a qualitative elemental analysis, standard less quantitative
analysis, X-ray line scans and mapping, gives the chemical purity of the
sample. EDS was performed along with SEM equipment. JOEL model
JSM-6390LYV is the specification for EDS.

2.3.5 Morphological Analysis
2.3.5.1 Scanning electron microscopy (SEM)

Scanning electron microscopy is used for the surface analysis of the
nanomaterial. The method uses a focused beam of high-energy electrons to
generate a variety of signals at the surface of solid specimens. These signals
include secondary electrons, back scattered electrons, and diffracted
backscattered electrons, photons, visible light, and heat. Of these, the signals
produced by secondary electrons are the most important for studying the
morphology and topography of the samples. SEM was also used to
measure the mechanically performed fractured surface of the polymer

nanocomposites [7].
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The morphological characterization was carried out using a JEOL
Model JSM 6390LV scanning electron microscope. Prior to SEM analysis
sample surface were gold coated with the help of gold sputtering unit to
avoid the charging effect and enhance the emission of secondary electrons.

2.3.5.2 Transmission electron microscopy (TEM)

Direct imaging of individual nanoparticles is made possible by TEM.
TEM is unique since it provides a real space image on the atom distribution
in the nanocrystal and on its surface. The morphology, porosity and particle
size were observed using high resolution TEM (HRTEM) analysis on a
Philips TEM CM200 model.

2.3.6 Surface analyses by BET

Brunauer-Emmett—Teller (BET) surface area analyzer was used to
estimate surface area and pore size distribution of the nanomaterials and it
was carried out using Quanta chrome Quandraorb automatic volumetric

measurement system at 77K using ultra pure nitrogen gas.

2.3.7 Melt rheological analysis
2.3.7.1 Melt flow index (MFI)

An extrusion plastometer was used for measuring the melt flow
index of polymer melts [8]. The rate of extrusion through a die of
specified length and diameter was measured under prescribed conditions
of temperature and load as a function of time. Melt flow index was
calculated and reported as g/10min. This index is inversely proportional

to molecular weight.
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The MFI of the polymer and the nanocomposites were performsed on
a CEAST Modular Line Melt Flow Indexer in accordance with ASTM D
1238 using 2.16 kg load at a melt temperature of 190 °C.

2.3.7.2 Dynamic rheological analysis (DRA)

Rheological characterization was performed on a parallel plate
oscillatory rheometer, Anton Paar Rheometor MCR 102 (Figure 2.8) using
25 mm parallel plate fixtures, with a gap of 1-2 mm at 200 °C. The software
used is Rheoplus version 32. The small pieces of melt compounded material
were placed in the gap between the plates.

Figure 2.8 Rheometer (MCR 102)

The rheometer was operated in both amplitude sweep and frequency
sweep test. In the amplitude sweep, angular frequency is kept at a constant
value of 10 rad/s and amplitude is varied from 0.01 to 100% log values.
The amplitude is kept at a constant value of 2.5% and frequency is varied

from 100 to 0.1 rad/s in a log scale for frequency sweep experiment. The
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elastic modulus (E'), loss modulus (E") and complex viscosity (n*) were

measured as functions of the angular frequency () from the frequency

sweep data. At least two trials were run for each experimental condition to

check for reproducibility of the results.
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PREPARATION AND CHARACTERIZATION OF
NANOZIRCONIA BY POLY VINYL ALCOHOL
ASSISTED SOL-GEL METHOD

Introduction
3.2 Experimental

3.3 Characterization of nanozirconia
3.4 Results and discussion

3.5 Conclusions

Monodispersed tetragonal nanocrystalline zirconia (t-ZrO,;) with spherical
morphology and monoclinic zirconia (m-ZrO;) with spheroid morphology were
synthesized by adopting a facile template assisted sol-gel method. The medium
assisting growth of nanoparticles mainly consisted of ZrOCl,.8H,0O and NH,OH as
reactants in a 1:2 mixture of Isopropyl alcohol (IPA)-polyvinyl alcohol (PVA) as
the dispersing agent. PVA being a macromolecular surfactant containing large
number of hydroxyl groups per molecule acts as a template for particle growth and
assists size control and can be easily removed after synthesis by calcination. The
calcined nanopowders were characterized by X-ray diffraction (XRD), Particle size
analyser, Zeta potential measurement, Fourier transform infrared spectroscopy
(FTIR), Scanning electron microscopy (SEM), Transmission electron microscopy
(TEM), Nitrogen adsorption (BET) and Thermo gravimetric analysis (TGA). The
studies reveal that the size of the t-ZrO2 and m-ZrO, particles is highly reliant on
PVA content and calcination temperature. More over reacting medium and
calcination temperature has a vital role in determining the crystallinity and
morphology of ZrO,. The sample prepared under optimized conditions (2% wi/v
PVA) shows pure tetragonal crystallite phase with an average particle size of 5 nm,
surface area of 56 m? g%, and a mesoporous structure after calcination at 600 °C
for 5 h. The tetragonal phase is stable and show spherical morphology up to 600 °C
after which the nanostructure is disturbed drastically; the agglomeration leads to
structure collapse forming hard conglomerates leading to monoclinic crystalline
phase. Changing the mode of addition of the reacting medium followed by
calcination provides mesoporous, spheroid, monoclinic zirconia (m-ZrO,) with an
average particle size of 15 nm and surface area 73.5m* g .
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3.1 Introduction

Nanotechnology can be considered as a state of the art tool which
combines chemistry, physics, material science, electronics and biosciences.
It is a state of the art of twenty first century, ranging from novel building
materials in aerospace technology to life saving medicines. Normally, the
term nano encompasses the range 1-100 nm. With respect to diversity in
the application, nanotechnology offers uniqueness and flexibility not
observed in any other field of technological innovations.

Nanomaterials are being considered for various applications due to
their small size and large surface area. Out of the nanomaterials
nanozirconia, has increased manifold applications. Owing to its high
mechanical and thermal stability nanozirconia materials can be exploited
in various applications like wear resistant/protective coatings [1-3], gate
dielectric materials [4,5], and buffer layers for growing super conductors
[6,7]. Zirconia mixed oxide systems find yet more attention as catalyst and
as catalyst support [8], furthermore sulfated zirconia has been explored as a
‘super acid’ [9,10]. Partly or completely stabilized zirconia ceramic used as
gas sensors [11], and as solid electrolyte in electronic instruments [12].
Nanozirconia was also successfully used as sorbents in the preparation of
radionuclide generators and as sorbent for biomedical applications [13-15].
With unparalleled properties in optics, electronics, mechanics and
calorifics, nanozirconia is an important inorganic material and it is of

relevant to explore its preparation.

Zirconia has three well-defined polymorphs; the tetragonal and

cubic phases are of more importance for its catalytic applications because
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of high thermal stability, high BET surface area and amphoteric nature. The
monoclinic form of zirconia exists in room temperature gets converted into
the tetragonal phase at 1447 K. The tetragonal phase is further converted to
the cubic phase around 2643 K [16, 17]. These high temperature tetragonal
and cubic phases are, unquenchable and obtaining them at lower temperatures
has gained importance over the past decade due to their potential applications
[13-15, 18]. Several attempts have been made to achieve stabilized tetragonal
and cubic phases by doping zirconia with a variety of metal oxides like
Ca0, Y03, CeO,, Ce,03, Lay03, MgO, CuO, Cr,03, MnO,, NiO, SnO; etc.
[19-23]. However it is very difficult to control the dopant and the synthesis
proceeds through a tedious route. In some cases t-ZrO, could exist at room
temperature and the condition of its stability was still a subject of arguments
[24]. Chakravarty et al. [14, 15] synthesized t-ZrO, for their potential utility
as a new generation sorbent for the preparation of 99Mo/99mTc and
68Ge/68Ga generators for biomedical applications. Roy synthesized t- ZrO,
using polyacryl amide as a gelling agent and a matrix, and the final product
investigated had a particle size of about~20 nm [25]. The key role in
stabilizing the tetragonal phase of the nano crystalline zirconia is played by

‘the small crystallite size’.

Researchers have explained many synthetic routes like precipitation
[26], sol-gel [27,28], chemical vapor synthesis [29], micro emulsion method
[30], glycothermal process [31], and hydrothermal precipitation process [32]
to obtain these polymorphs even without adding the dopant metal. For
realizing industrial production, the most familiar and simple method used to
prepare nanozirconia is the “Sol-Gel” technique [27,28] and is often in top-

priority because of its easiness, while others have disadvantages in high
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energy consumption, costly material, complex techniques, long production
period, intricate equipments etc. No matter which method is used to prepare
nanopowder, the crucial question is how to overcome conglomeration and
precipitation. Recently, a great deal of interest was focused on the synthesis of
the nanostructured mesoporous oxides using a surfactant-assisted route to
conquer the agglomeration [33, 34]. Shukla et al. [35] prepared t- ZrO, having
a crystallite size of about 65 nm through a sol gel process involving hydrolysis
and condensation of zirconium (V) n-propoxide in an alcohol solution using

hydroxy! propyl cellulose (HPC) polymer as a steric stabilizer.

The aim of this study is to explore a polymeric surfactant assisted
sol-gel method for the preparation of highly stabilized t-ZrO,. Since
polymeric surfactant act as a dispersing medium, the very frequent crisis of
nanoparticles agglomeration is completely avoided. The addition of
dispersing medium would produce a matrix into which synthesized
incipient zirconia, would be incorporated still in the early stages of the

reaction, thus producing zirconia in the nanoscale.

Even though the preparation of zirconium dioxide nanopowders by
different methods has also been extensively studied, the exploration
of facile synthesis of porous, spherical and monodispersed tetragonal
nanocrystalline zirconia powders in a very dilute alcoholic (Isopropyl
alcohol, IPA) media at ambient conditions is not yet regulated. Until now,
there have been no reports on the preparation of homodispersed spherical
tetragonal nano crystalline ZrO, in PVA supported medium at room
temperature. The synthesis of tetragonal nanozirconia using PVA as the

polymeric surfactant via sol-gel method is proposed to be attempted in this
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study. We also propose to investigate the influence of PVA on morphology,
size and its role in yielding porous nanomaterials. The influence of
experimental conditions such as concentration of PVA and calcination
temperatures on the nature of zirconia formed at constant molar ratio of
reactants is proposed to be investigated. Furthermore the role of the
sequence of addition is also proposed to be investigated.

3.2 Experimental
3.2.1 Chemicals

The chemicals used for the analysis are given in Table 3.1.

Table 3.1 Chemical used for the preparation of nanozirconia

Chemical Source Purity

ZrOCl,.8H,0 Spectro Chem Pvt. Ltd. 99.99%

NH,OH Merck specialities Pvt. Ltd.  99.99%

Poly (vinyl alcohol) (hot)  Spectro Chem Pvt. Ltd. Molecular weight-14000
Isopropyl alcohol Sd fine Chem. Pvt. Ltd. AR grade

Ethanol Alpha chemicals AR grade

3.2.2 Preparation of nanozirconia

All the chemicals were used without further purification. The
preparations were carried out at ambient temperature (ca.25 °C) in a glass
beaker. In the synthesis of nanopowders two methods have been used.
Method I: Initially 50 mL of 0.19 M zirconium oxychloride (ZrOCl,.8H,0)
was thoroughly mixed with 50 mL of IPA-PVA mixtures. The medium
selected was a 1:2 mixture of IPA-PVA with % w/v (weight by volume
percentage) of PVA varied from 0-7 % wi/v. (i.e., 50 mL IPA + 100 mL
PVA, % w/v of PVA were 1% wiv, 2% wi/v, 3% wi/v, 5% w/v and 7% w/v
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respectively). All solutions except 0% w/v showed a turbid appearance soon
after mixing, though no visible precipitation was observed and it was taken
in a micro burette. 50 mL of 2.9 M NH,OH was taken in a beaker and the
precipitation was done by adding a very dilute alcoholic (IPA) solution of
zirconium oxychloride containing requisite % w/v PVA, drop wise at a rate
of 0.2 mL/30 sec under vigorous magnetic stirring. This mode of addition
is essential as, formation of zirconia precipitate in alkaline environment
helps in stabilization of precursor to tetragonal nanoparticles [36]. After
precipitation, the slurry was stirred for another 30 min keeping the pH of the
reaction mixture in the range 11-12 by further addition of ammonia and
then refluxed at 86 °C under vigorous stirring overnight, prior to formation
of white gel. The digestion of the basic solution in the glass vessel by
refluxing overnight at high temperature leads to stabilization of small-size
tetragonal crystals. The vigorous stirring of the reaction medium prevents
agglomeration of the precipitate and hence facilitates the formation of the
nanoparticles. After refluxing the mixture it was cooled to room temperature
and the gel was washed thoroughly with an alcoholic (ethanol) solution to
remove unused PVA, soluble byproducts and unreacted reagents. The
mixture was filtered and dried at 70 °C for 12 h prior to calcination at 400 °C,
600 °C and 800 °C for 5 h. A second method (Method I1) was adopted in
which: optimized PVA (2% w/v PVA) was taken in the beaker, and the
precipitant NH,OH was taken in the burette. After the gelation reaction the gel
was refluxed, aged, washed, dried and calcined at 600 °C for 5 h. Synthesis
strategy of nanozirconia was clearly depicted in Figure 3.1. The conditions
were optimized and large scale preparation was done using 3000 mL borosil

beaker as reactor. The yield of this process is 96%. An overview of the entire
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reaction is given in Figure 3.1. Different batches for the preparation of

nanozirconia are given in Table 3.2.

Stirring with 2%w/v PVA

N

NH,0H
0.2mL/30sec
Mixed solution

| Precipitation |

\

Washing

| Precipitate free from CI' ion |

\

Refluxing
86°C/24 HPH 11-12

| Zirconia Gel |

\

Calcination
600°C/5H

Nano Crystalline
Zirconia

Figure 3.1 Schematic diagram for the preparation of nanozirconia

Change in Mode of Addition

Method I Method IT
ZrO,+PVA NH,0H
. S— . S—
NH,0H ZrO,+PVA
Tetragonal Monoclinic
Zirconia Zirconia

Table 3.2 Different batches for the preparation of nanozirconia
(The code used, NZRx-yDI ,"NZR’represents nanozirconia; ‘x’ stands
for w/v% of PVA solution; ‘y’ stands for temperature of calcination,‘D’

for degree Celsius, I signify method I)

Sample name w/v % of PVA  Calcination temperature
NZR0-600DI (by method I) 0 600 °C
NZR1-600DI (by method I) 1 600 °C
NZR2-600DI (by method I) 2 600 °C
NZR3-600DI (by method I) 3 600 °C
NZR5-600DI (by method I) 5 600 °C
NZR7-600DI (by method I) 7 600 °C
NZR2-400DI (by method I) 2 400 °C
NZR2-800DI (by method I) 2 800 °C
NZR2-600DII (by method II) 2 600 °C
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3.3 Characterization of nanozirconia
The techniques used for the characterization of nanozirconia are

discussed in Chapter 2.

3.4 Results and discussion

3.4.1 X-ray diffraction (XRD) studies

3.4.1.1 Influence of dispersion medium (PVA concentration) on XRD
The XRD patterns of the zirconia powders synthesized with 0, 1, 2,

3, 5 and 7% w/v aqueous solutions of PVA as mediums are shown in

Figure 3.2. Only ZrO, peaks are observed in the XRD spectra. This

indicates that all the powders are of high purity and results also suggest

that the obtained product has high degree of crystallinity.

t(101)

t(112)
t(211)

9nm 1(110) J \ Mznz) (f)
8 nm (e)

(d)

5 nm

(c)

Intensity (a.u)

Angle 2 Theta (degrees)

Figure 3.2 X-ray diffraction spectra of nanozirconia prepared in alcoholic
(IPA) medium with different %w/v of PVA, by method I and
all calcined at 600°C (a) NZRO0-600DI, (b) NZRI1-600DI,
(¢c) NZR2-600DI, (d) NZR3-600DI, (¢) NZR5-600DI, and
(f) NZR7-600DI.
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The relatively broad peaks are attributed to the very small crystallite
size of the material. The XRD studies show that the major constituent
phase in all the samples displays the typical tetragonal structure of ZrO,.
XRD discloses that as the PVA concentration increases there is not much
decrease in the intensity and crystallinity of the peaks as indicated by the
shortening and broadening of peaks. The average crystallites size of t-ZrO,
in the presence of polymeric surfactant PVA as determined from the XRD
pattern are presented in the figure 3.2. Much reduced size (~4 nm) was
obtained for the t-ZrO, nanomaterial (NZR2-600DI) by 2% wi/v aqueous
PVA assisted sol-gel method of Zr** and OH".

Moreover all the powders prepared in the presence of PVA show
smaller grain size than the ZrO, prepared without PVA indicating that the
presence of PVA has a dispersive and protective effect on the powders.
During the reaction period when ZrOCI, concentration increases, more
ZrO(OH), gels form at once and they are surrounded by the macromolecular
chains of PVA which make them individually dispersed, giving little or
no chance for aggregation. Thus XRD assisted analysis reveals that
2%w/v PV A solution is an optimum medium for nano synthesis. This may
be the concentration which gives efficient polymer coating on each mole of
the reactant and every single Zr** ion coated in PVA reacts with a single
OH" leading to reduced agglomeration of powders formed. Another factor
aiding size reduction may be ethanol washing instead of water washing for
the ZrO, hydrogel. Since Wang et al. [26] reported that rigid agglomerates
are elevated by ethanol washing than water washing. They also reported
that the gelation reaction carried out in water formed hard agglomerates

during drying and calcination processes. Furthermore since PVA, is a
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macromolecular chain having large number of OH groups provides
suitable medium for the gelation. Thus the bottom line of the modified
processes is that the crystallite size of t-ZrO, can be reduced to less than 10

nm in all the cases.

3.4.1.2 Influence of mode of addition in the sol-gel process

m- monoclinic p hase
t-tetragonal phase
m
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Figure 3.3 XRD pattern of nanoZrQO, synthesized with 2%w/v
PVA by (a) method I, NZR2-600DI and (b) method II,
NZR2-600DlI|

However it can be observed that the mode of addition is critically
important to get highly stabilized t-ZrO,, because the reverse mode of
addition (in Method I1) of the sol-gel synthesis results in a mixture of
monoclinic and tetragonal polymorphs of ZrO,, with more monoclinic
phase (m-ZrO;) [powder XRD of the calcined sample shown in Figure 3.3]
Broad nature of the peaks indicates nano crystalline nature of the sample
and the crystallites size calculated as (~16 nm). Thus the synthesizing

medium is very critical, to get whether the phase of ZrO, is tetragonal or
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monoclinic. The reaction conducted in highly basic medium provides the t-
ZrO, which further stabilizes the phase also [36]. The average particle
sizes calculated by Debye—Scherrer equation are summarized in Table 3.3.

3.4.1.3 Influence of calcination temperature on XRD

mn m- monoclinic phase
t- tetragonal phase

Intensity (a.u)

8 nm

20 3l0 4l0 5l0 GID 7l0 80
Angle 2 Theta (degrees)

Figure 3.4 XRD spectra of nanoZrQ, synthesized in IPA medium
with 2% PVA solution calcined at different temperatures
(a) at 400°C, NZR3-400DI (b) at 600°C, NZR3-600DI
and (c) at 800°C, NZR7-800DI
The influence of calcination temperature on the particle size was
analyzed using XRD-spectra of nanoZrO, synthesized in 2%w/v PVA
solution at different calcination temperatures viz.400 °C, 600 °C and 800
°C for 5 h (Figure 3.4). Only ZrO, peaks are observed in the XRD spectra

of all samples except for a calcination temperature of 400 °C. This
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indicates that all other powders are of high purity and also only
crystalline zirconia peaks are observed. The intensity and width of
diffraction peaks differ between samples calcined at different
temperatures. The spectra reveals that as the calcination temperature
increases the crystallinity of the sample increases and grain size
increases, whereas at 600 °C the grain size falls into 4 nm range as
calculated using the Scherrer formula from broadening of XRD for
{101}peak. At 400 °C the grain size is small as indicated by the
broadening and shortening of peaks. Appearance of the impurity peaks in
nanoZrO, synthesized in 2%w/v PV A solution calcined at 400 °C clearly
indicates that complete removal of all the carbonaceous species from the
polymeric surfactant PVA, is not possible at this temperature, and hence
is not sufficient for post synthesis treatment. Calcination at 800 °C results
in monoclinic than pure tetragonal phase for ZrO,. Powder calcined at
600 °C vyields small grain size with high purity. It is the optimum
temperature that ensures complete removal of PVA template and other
impurities from the nanoZrO, and the peaks in the spectra indicate the
formation of controlled monodispersed t-ZrO, powder at this temperature.
It is well recorded in literature that tetragonal phase of ZrO; is unstable at
lower temperatures and can only be stabilized at lower temperatures by
using additives such as Y,03;, MgO and CaO. Since none of these
additives were used, it is inferred that the small size of the particles is
responsible for the stabilization of the tetragonal phase, as explained in
literature [37, 38].

Zirconia nanomaterial from NZR2-600DI is named as t- ZrO, and
NZR2-600DIl as m-ZrO, hereafter.
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Table 3.3 Average particle size of zirconia nanomaterials

Sample name Average particle size (nm)
NZRO0-600DI 21

NZR1-600DI 7

NZR2-600DI (t-ZrO,) 4

NZR3-600DI 5

NZR5-600DI 8

NZR7-600DI 9

NZR2-400DI 8

NZR2-800DI 20

NZR2-600DII (m-ZrO5) 16

3.4.2 Particle size distribution and Zeta potential
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Figure 3.5 (a) particle size distribution of t-ZrO, synthesized by Method I
(optimized condition), (b) Zeta potential of t-ZrO, measured at neutral
pH, (c¢) Particle size distribution of m-ZrO, by Method II (optimized
condition), and (b) Zeta potential of m-ZrQO, measured at neutral pH.
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The particle size distribution of zirconia nanoparticles was analysed by
dynamic light scattering (DLS) and is shown in Figure 3.5. The synthesized
t-ZrO, nanoparticles have a normal size distribution [Figure 3.5 (a)] with an
average diameter of 6 nm, while m-ZrO; particle shows the expected size
distribution [Figure 3.5 (c)] pattern in which most of the particles have
particle size less than 18 nm. Additionally the zeta potential of both t-ZrO,
and m-ZrO, were determined at neutral pH and was found to be -40.4 mV
and -46.6 mV respectively [Figure 3.5 (b) for t-ZrO, and (d) m-ZrO,].
From the DLS analysis the average particle size calculated was found
comparable with size calculated from XRD and TEM (~5 nm for t- ZrO,
and ~15 nm for m- ZrO,). The high Zeta potential value at neutral pH
indicates better dispersibility of powders.

3.4.3 Scanning electron microscopy (SEM)

0kV  X15000 1pm

Figure 3.6 SEM photographs of monodispersed porous ZrO, nanomaterial
synthesized in IPA medium with (a) NZR0-600DI (b) NZR2-400DI,
(c) NZR2-600Dl, (d) NZR2-800DI and (e) NZR2-600DI1
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Figure 3.6 shows SEM images of the synthesized ZrO, with and without
the presence of PVA. Morphological investigation using SEM photograph
of these sample shows that all nanopowders are spheroid except that of the
reaction without PV A assisted medium. Figure 3.6 (a) shows the synthesized
zirconia without the presence of PVA by method | calcined at 600 °C has a
flaky structure with high degree of conglomeration and microstructures.
The dependence of structure on temperature of calcination is clear from
SEM photographs of nanoZrO, prepared in 2%w/v PVA calcined at 3
different temperatures. Figure 3.6 (b), (c) and (d) represent the SEM
micrographs of zirconia synthesized with 2% w/v aqueous PVA solution
calcined at 400 °C, 600 °C and 800 °C respectively. The nanopowder
obtained after calcinations at 600 °C [Figure 3.6(c)] has a spherical
morphology with uniformly arranged particles of almost similar shape and
size. Thus the nanostructures of the synthesized powders have a uniform
pattern in the presence of PVA, which leads directly to the formation of
monodispersed porous nanopowders. At a lower calcination temperature at
400 °C the crystals had smaller size as it is clear from Figure 3.6(b). As the
calcination temperature increased from 600 °C to 800 °C, structure
collapses leading to agglomeration is clearly depicted in Figure 3.6(d).
Hence it can be concluded that up to a calcination temperature of 600 °C,
the spheroid monodispersed structure is stable and after there is a drastic
change in the texture due to agglomeration. This agglomeration of
nanopowders is due to structure collapse at higher temperature owing to
the rapid removal of PVA from the surface. From the SEM micrograph
shown in Figure 3.6(e), the nanozirconia obtained through method Il with

2% w/v aqueous PVA solution calcined at 600°C, any information
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regarding the morphology, size and distribution of particles, is not got
since we observed highly agglomerated micrographs.

3.4.4 Elemental analysis (EDS)
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Figure 3.7 EDS spectra of ZrO, nanomaterial (a) NZR2-600DI (b) NZR2-600DII

The related EDS analysis spectrum of samples prepared in 2% w/v
aqueous PVA solution via method | and Il calcined at 600 °C is shown in
Figure 3.7 (a) and (b). The EDS spectrum contains only peaks for Zirconium
(Zr) and Oxygen (O), the absence of Carbon(C) peaks indicate the complete
removal of coated PVA from nanopowders during calcination. This is
indicative of the purity of the material from both the method of preparation.

Thus it can be deduced that pure ZrO; is formed during the synthesis.

3.4.5 Transmission electron microscopy (TEM) analysis

The TEM images of t-ZrO, (NZR2-600DI) [Figure 3.8 (a) and (b)]
confirm the formation of spherical nanoparticles with uniform size and
shape. The particle size obtained from TEM was 5nm which is in good
agreement with the XRD result. The uniformly distributed small pores in
the particle, evidenced the porous nature of sample, and the pores appear

brighter than the surroundings because they have absorbed less electrons [39].
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Figure 3.8 (a) and (b) TEM photographs of NZR2-600DI (t-ZrO,)
(c) and (d) TEM photographs of NZR2-600DII (m-ZrOy).

While the TEM micrograph [Figure 3.8 (¢) & (d)] of the m-ZrO,
(NZR2-600DII, mostly monoclinic phase by XRD results) indicates that
nano crystalline zirconia has spheroid morphology and the result also
pointed out that the synthesized nanozirconia is slightly agglomerated
and the particles are somewhat uniform in size and shape. The average
particle size of nanocrystalline m-ZrO, as determined by TEM measurement
[Figure 3.8(c)] is found to be in the range of 10-15 nm which is in agreement
with the results obtained from XRD. From the TEM images at high

resolution [Figure 3.8(b) and (d)] it is clear that nanozirconia as we obtained
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through both the methods are highly porous in nature and can clearly

observe the pores from the TEM images.

3.4.6 Fourier transform infrared resonance (FTIR) studies

Absorbance (a.u)

32‘00 24‘nn 16‘001 SI!IO
Wave number (cm™)

Figure 3.9 FTIR-spectra of ZrO, prepared via method | with 2% w/v
PVA (a) dried at 80 °C and (b) NZR2-400DI (¢c) NZR2-
600DI (t-ZrO,) and (d) NZR2-600DII (m-ZrO,).

The FTIR spectrum of the sample prepared via method | with 2%w/v
PVA dried at 80°C is shown in Figure 3.9(a) and that calcined at 400 °C
for 5 h is shown in Figure 3.9(b). Figure 3.9(c) and (d) represent the FTIR
spectra of ZrO, prepared using method | and Il prepared in 2% w/v PVA
solution calcined for 5 h at 600 °C. The weak absorption bands in Figure
3.9 (a) at 3000, 2798 cm™ are due to stretching vibrations of methyl (vcz)
groups from PVA which disappeared as calcination temperature increased
indicating that PVA is removed from nano t-ZrO, powders at 400 °C itself
[Figure 3.9(b)]. The infrared spectrum of synthesized t-ZrO, and m-ZrO is
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shown in Figure 3.9(c) and (d) show a broad absorption peak in the range
3,300-3,000 cm™, which is due to the sum of the contributions of hydroxyl
groups and water molecules. Absorption peak at 1,630 cm™ is due to the
bending mode of OH™ group attached to the matrix. The bands at 1,100 cm™,
1370 cm-1 are attributed to Zr-O—Zr bond. Figure 3.8(d) shows the FT-IR
spectrum of calcined sample at 600 °C from method 11, where absorption
peak at 745 cm™ is typical of monoclinic zirconia [40]. The unique peaks
correspond to Zr-O bonds around 470-520 cm™ and broad band at 520 cm™
exhibits t-ZrO, phase [41]. All the above facts indicate that during the
reaction, Zr** ions are encapsulated in PVA; the state at which the reactive
chloride ions meet their counter ion in a dilute isolated state leading to
reduced agglomeration. And the powders formed will be surrounded by
PVA as indicated in IR spectra [Figure 3.9 (a)] which can be removed in the

final stage by calcination as shown in Figure 3.9(c) and (d).

3.4.7 Surface area and Pore structure analysis
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Figure 3.10 Nitrogen adsorption-desorption (BET) isotherm of (a) t-ZrO,
obtained via Method | and (b) m-ZrO, from Method II; Inset
shows the corresponding pore volume distribution curve.
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Figure 3.10 (a) and (b) demonstrate typical nitrogen adsorption—
desorption isotherm of t-ZrO, and m-ZrO; respectively. The inset shows their
pore size distribution curves. In the nitrogen adsorption isotherm, both figures
illustrate that the desorption branch does not follow the adsorption branch,
but gives a distinct hysteresis loop, where the amount adsorbed is greater
along the desorption branch compared to the adsorption branch. The isotherm
belonged to the type 1V category according to the International Union of Pure
and Applied Chemistry (IUPAC) classification of different types of hysteresis
loops. The type IV isotherm profile is generally associated with mesoporous
adsorbents [42]. Figure 3.10 also reveals that the type 1V isotherm consists of
a narrow H1 hysteresis loop which confirms the narrow and uniform pore
distribution in the sample. The Brunauer—-Emmett-Teller (BET) surface area
calculated from the nitrogen adsorption—desorption analysis for t-ZrO; is
56 m2/g with a pore volume of 0.1336 cc/g and pore diameter around
8.5 nm. Whereas m-ZrO, having BET surface area of 73.5 m?/g with a pore

volume of 0.1661 cc/g and a pore diameter around 8 nm.

The measured specific surface areas are converted to equivalent
primary particle size as, Dger = 6000/Sget x p [43]; Dger is the particle size
in nm, Sger BET surface area and p the theoretical density in g/cc and the
results are ~ 14.5 nm for m-ZrO, and 19nm for t-ZrO, which directly
reflects trend with surface area. The values are contradictory to all other
size calculation modes .This is because from BET we are calculating
surface area by nitrogen adsorption after degassing at a low temperature.
This process may sometimes leave certain internal mesoporous zones (as
seen in TEM) closed, hiding those surfaces to be active so size calculation

is erroneous for comparative studies with other sophisticated analyses.
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3.4.8 Thermogravimetric analysis (TGA)

100 - (a)
90
3
g 9
[T 1]
‘T 70
=
60 4
50 -
40 A e
1 1 1 1 1 1 1
100 200 300 400 500 600 700
Temperature C
100.0 1) o
99.8 Nanom-Zr0, 998
99.6+ Nano t-Zr0, 996 _
- - 4
S 99.4 994 T
= B
.5" 99.2- 992 -5
¥ -
= 99.0- 990 ~
98.8 988

Figure 3.11 TGA patterns of monodispersed porous nanozirconia synthesized
in alcoholic medium with 2% w/v PVA by Method I (a) dried at
80 °C, (b) calcined at 600 °C for 5h nano t-ZrO, (solid line), and
by Method Il calcined at 600 °C 5h, nano m-ZrO, (dotted line).

Thermo gravimetric analysis of the dried and calcined samples
prepared via method | with 2% w/v PVA solution was carried out in the
temperature range from 40 °C to 800 °C. The thermal behavior of these
powders is shown in Figure 3.11. Figure 3.11 (a) gives the TGA patterns of
the powder dried at 80 °C synthesized in 2% w/v PVA solution by method
| and in (b) the solid line indicates that of nano t-ZrO, synthesized with
2% wiv PVA calcined at 600 °C. It can be seen from the thermogram

(a) that at a temperature of 100-180 °C; the material shows a loss of its
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initial weight. This weight loss is due to the removal of physically adsorbed
water. After that weight loss prolongs up to 550 °C mainly due to the
removal of organic moieties of PVA. On increasing the temperature from
400 to 600°C the weight loss of ~0.50% accounts for the removal of
coordinated organic groups. Moreover on further increasing the temperature
from 600°C, the weight loss is negligible. But since such a high temperature
may lead to structure collapse and also from the XRD analysis, it can be
inferred that the tetragonal phase is stable up to 600 °C and 800 °C
calcined samples shows monoclinic phase to the material, a minimum
calcination temperature of 600 °C is accepted in practice for the complete
removal of impurities with consistent nanostructure. In Figure 3.11 (b) the
solid line represents nano t-ZrO, and dotted line for nano m-ZrO,
respectively, both the thermograms show the similar trend and observe a
weight loss up to 200 °C and after that they do not show further reduction
in weight. The loss of weight is due to the removal of physically adsorbed
moisture present in the materials as it is clear from the FT-IR analysis
which shows the presence of absorption bands of OH group. Furthermore
on increasing the temperature from 200 'C, the weight loss is insignificant
which prolong up to 600 'C, indicates that the both the nanomaterials are
purer and all the impurities and the organic moieties present can be

removed during the calcination process.

3.4 Conclusions

Pure tetragonal monodispersed zirconia powder having spherical
morphology and mesoporous structure can be obtained by an optimization

of the surfactant assisted sol-gel route. The particle size and morphology of
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the synthesized nanoparticles were characterized using XRD, SEM as well
as TEM. The study shows that 2%w/v aqueous PVA solution is an optimum
medium for the synthesis. Further, ZrO, particles formed are also
encapsulated with PVA which prevents agglomeration. PVA assists the
formation of nanoparticles with smaller grain size and excess PVA can be
removed at the final stage by calcination. The calcined powders yielded
small grain size with high purity monodispersed tetragonal phase as
indicated by the zirconia structure in XRD spectra and elemental composition
in EDS analysis. The purity of the nanomaterial is confirmed from XRD,
FTIR and TGA analysis. The stabilization of the tetragonal phase in the
prepared sample is most likely due to the low surface energy of the
tetragonal phase relative to the monoclinic phase. The small size of
the particles is also responsible for the stabilization of the tetragonal
phase. XRD studies as well revealed that while increasing the calcination
temperature from 600 °C to 800 °C the crystallite phase changes. The
results also concluded that the mode of addition is also an important factor
to get highly stabilized tetragonal zirconia with spherical morphology,
reverse order results in monoclinic zirconia with spheroid structure. The
particle size of t-ZrO, is 4 nm and that for t-ZrO, is 16 nm from TEM, both

are in good agreement with XRD results.
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ISOLATION AND CHARACTERIZATION OF
FIBRILLAR NANOSILICA OF NATURAL ORIGIN:
INDIAN GRASS, CORTADERIA SELLOANA FLOWERS
AND BAMBOO AS THE SILICA SOURCES

4.1 Introduction

4.2 Experimental
4.3 Results and discussion
4.4 Conclusions

The increase in the use of silica based nanocomposites has led to the search for
new sources of silica. Silica has long been known to be present in plants. It is
stored primarily as opaline phytoliths in the epidermis of plant tissue. In this
study a novel green chemical route is proposed for the isolation of silica
nanofibers by exploiting the vast and abundant grass varieties. The three different
grass varieties like Indian grass (Sorghastum nutans, CG), Pampass grass
(Cortaderia selloana, PG), and Bamboo (BM) have been selected for the isolation
of nanosilica. To attain high-purity silica from these sources, leaching in
hydrochloric acid of three different normalities and running water were
conducted followed by air combustion. Diversified morphology was seen in the
isolated silica from different grass sources. Highly pure, uniformly distributed
fibrous silica was obtained from the optimized acid concentration from Scanning
electron microscopy and energy-dispersive X-ray spectroscopy studies. The
chemical purity, crystallinity and morphology are confirmed by FTIR, XRD, and
TEM analysis. Thermal stability of the fiber was studied by TGA analysis and
surface area noted by Brunauer—-Emmett-Teller analysis. HR-TEM analysis
reveals that actual morphology of isolated silica is rich in nano fibrillar channel
network for PGNS silica and fibrous morphology for silica from Indian grass and
Bamboo. This cost effective environment friendly pathway opens a new vista for
utilization of bio-precursors as nanosilica source.
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4.1 Introduction

Nanotechnology has contributed to the creation of smart functional
materials, devices and systems through manipulation of matter in the
nanometer scale and exploitation of novel phenomena and properties
which arise because of the nanometer size. Nanomaterials are cornerstones
of nanoscience and nanotechnology. Recently, applications of nanosilica as
other nanomaterials have gained great interest among the material
researchers, and also in the field of food industry, catalysis, chromatography,
coatings, stabilizers, emulsifiers and biological sciences [1-3].

An enormous quantity of nanosilica powder with controlled shape,
size and porosity is required for large-scale engineering applications. The
nanosilica powder is generally prepared by using vapour-phase reaction,
sol-gel and thermo-decomposition methods. In most of the above mentioned
methods, it is synthesized mainly using alkyl orthosilicates as raw materials,
which enables easy size control, shape and purity of the material. However,
they are not the best commercial sources of silica due to their high cost,
flammability, difficulties in handling and storage. Moreover these methods
are costly, energy intensive and involve toxicity exposure from silicon
alkoxide precursors [4-6]. Therefore, their replacement with a comparatively

less expensive and robust inorganic silica source is desired [7-11].

Sodium silicate (water-glass) compared to the more commonly used
tetraethoxysilane (TEQOS) or tetramethoxysilane (TMOS) could be a good
source of silica for industrial, large-scale production of nanosilica powders.
Moreover, by using a purely aqueous medium, the expensive and very

often toxic solvent could be avoided. However, sodium silicate produced
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by smelting quartz sand and sodium carbonate at 1300°C requires a large
amount of energy [12]. Energy obtained from fossil fuels may not be
sustainable in the future. Therefore, in an effort towards minimizing the
use of toxic chemicals and reduce the generation of hazardous waste, novel
or enhanced synthetic techniques are constantly being sought. Hence
due consideration should be given to revolutionize the ways in which
nanosilica are created and the range and nature of raw materials that can be
used. For the last few years, due to their easy availability, low cost and
ecological concerns researchers have initiated a considerable interest in
natural materials to produce ‘green’ products. The rapidly increasing
environmental awareness, growing global waste problem, limited availability
of crude oils and high processing cost trigger the development concepts of

sustainability and reconsideration of renewable resources.

Silica is one of the macronutrient in plants. In general, living plants
contain silicon in three basic forms (i) Insoluble amorphous silica (SiO,)
(more than 90%), (ii) Silicate ion (about 0.5% to 8%), and (iii) Colloidal
silicic acid (about 0% to 3.3%) [13]. This amorphous silica is found in
epidermal cells of the plants in dumb-bell shaped cells called opal phytolith or
silica phytolith. Phytoliths exist in abundance in grasses, including rice, wild
rice, maize and wheat. [14, 15]. Grass species and their water uptake also
influence the silica content in plants. The uptake of more water results in more
silica content in the plant, thus cool-season grasses (canary grass) that require
more up take of water hence having large amount of silica content. Soil type
and condition also has an influence on the concentration of silicon in the plant
[13, 16]. Typically, grass inflorescence contains five times more and leaves

contain three times more the silica content of stems [14, 15].
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Several attempts have been made to produce bulk silica from the
most eco-friendly and economical source rice husk [17-19]. In recent years
attempts have been made to prepare nanosilica powder from rice husk ash
[11, 20-25]. Teresa and Dickon (2007) [26] demonstrated conversion of an
inexpensive Luk Bamboo into biomorphic composites containing high-
purity cristobalite-SiO, and B-silicon carbide (SiC) nanowires at different
temperatures. Silica had been successfully extracted from Stenotaphrum
secundatum (St. Augustine) grass using an annelid-based biotransformation
process [27]. Although extensive literature exists on the physical and
chemical phenomena of silica produced from sodium silicate precipitated
with acids and also from rice husk. To date no work has been reported on the
direct production of nanosilica from those grass sources like Indian grass

Pampas grass and bamboo by a simple chemical treatment.

Present study proposes a simple chemical process for the isolation of
nanosilica from non-conventional raw materials like grass sources. Three
different types of grasses namely Indian grass, Pampas grass and Bamboo
are proposed to be selected. Among these Indian grass is abundant in our
country and contains silica opal. Sorghastrum nutans (Indian grass) belongs
to the species s. nutans, genus sorgastrum under Poaceae family and is a
perennial bunch grass. A perennial bunch grass contains large amount of
silica [13,16]. Along with Indian grass, Pampas grass also appears to be a
promising material because of its abundance and adaptability to grow in a
wide range of environments and climates. The botanical name for Pampas
grass is Cortaderia selloana, which belongs to the species, c.selloana, and
genus cortaderia under the same family as Indian grass and is a flowering

plant native to South America and is also believed to have originated in
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Pampas region after which it is named. The plant was introduced to other
continents as an ornamental grass and to a lesser extent it provides food for
grazing animals. The feathery flowers when it dried are widely used in
flower arrangements and other ornamental displays; otherwise it has no
economical usages. In India, Pampas grass is mainly located in the river
banks of almost all states. As recognized, bamboo plants are native to East
Asia but are now planted in all subtropical regions of the world. It is a
perennial plant in the grass family Poaceae. The large availability of
bamboo plants makes them an attractive biomass resource for activated
carbons [28]. Luk Bamboo had been converted into biomorphic composites
containing high-purity cristobalite-SiO, and pB-silicon carbide (SiC)
nanowires after sintering at 1200 °C and 1400 °C, respectively [29]. The
utilization of the nanosilica from these grass sources in polymeric composites
may open up a new way of disposing off a waste product into the bio
originated source of the nanosilica. This also offers a non toxic method
of generating the filler, suitable for the preparation of biocompatible
polymer nanocomposites. A better understanding of chemical composition,
morphology, physical and thermal properties of the nanofibers after isolation

from those sources will be useful in developing new bio hanocomposites.

Thus the objective of this work is to prepare fibrous nanosilica from
bio resources by reducing disposal and pollution problems without
compromising the purity of the nanomaterials obtained. In most of the
conventional methods, fibrous silica is prepared by using expensive chemicals
and with the aid of surfactants [30] through tedious procedures. The proposed
techniques of isolating silica from these biomass is acid treatment followed by

water washing and calcination for controlling the product purity. Effect of
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strength of hydrochloric acid (HCI) to produce high purity amorphous
nanosilica powder is also proposed to be investigated and the conditions for
getting high-purity fibrous nanosilica are proposed to be optimized. The
nanosilica powder prepared, will be characterised using Scanning electron
microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDS), Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
Transmission electron microscopy (TEM), BET surface area analyzer, and
Thermo gravimetric analysis (TGA), to explore the structure, morphology,

size, purity, stability and other properties.

4.2 Experimental
4.2.1 Materials

Indian grass [Figure 4.1(a)] collected from our campus (CUSAT),
Pampas grass [Figure 4.1(b)] collected from the river bank of Bharathapuzha
near Shornoor, Kerala. Bamboo [Figure 4.1(c)] was collected from Aluva
locality plantation. Tip of Indian grass (CG), flowers of Pampas grass
(FPG) and stem of Bamboo (BM) were used for the isolation of nanosilica
fibers. They were thoroughly cleaned with tap water to remove adhering

soil and dirt. HCI (37%) from Merck was used for leaching purpose.

(a) Indian grass,CG (b) Pampas Grass, PG (c) Bamboo,BM
Sorghastum nutans Cortaderiaselloana

Figure 4.1 (a) CG-Indian grass, (b) PG-Pampas grass and (c) BM-Bamboo
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4.2.2 Methods
4.2.2.1 Isolation of nanosilica from CG, FPG and BM

(@) Isolation of fibrous nanosilica from Indian grass

Tips of Indian grass (CG) [Figure 4.2(a)] were removed, washed
with water and dried in an oven at 100 °C. It was calcined in a muffle
furnace at 650 °C for 6 h followed by acid treatment. HCI solutions of
different normality (0.01 N, 0.1 N and 1 N) were added to the previously
washed and dried CG. The solutions were agitated using magnetic stirrer at
80°C for 3 h. A reddish color was developed for the solution during acid
treatment indicating the removal of metallic ions as soluble colored
complexes. The acid treatment was continued till the color disappeared,
ensuring complete removal of all the metallic impurities. Then the reaction
vessel was kept overnight in an oven at 60 °C. The treated CG was washed
thoroughly with distilled water and dried overnight at 110 °C in an oven.
The samples were then calcined in a muffle furnace at 650 °C for 6 h and

ground to fine powder.

(b) Isolation of fibrous nanosilica from Pampas grass

Flowers of pampas grass [FPG, Figure 4.2(b)] were washed thoroughly
with water and dried in an oven at 100 °C. The experimental procedure was

repeated as in the case of CG.

(c) Isolation of fibrous nanosilica from Bamboo

Stems of Bamboo (BM) [Figure 4.2(c)] were cut into small pieces,
washed and dried. The same experimental procedure was repeated as

discussed above.
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Figure 4.2 Dried grass sources (a) CG (b) FPG and (c) BM

4.2.3 Characterization

The detailed characterization techniques were discussed in Chapter 2.

4.3 Results and discussion
4.3.1 Elemental analysis by EDS spectra

(@) Effect of HCI solution leaching and water rinsing conditions on

removal of metallic impurities of CG

One of the main hurdles in obtaining high purity silica from any
grass sources including rice husk by the direct incineration process is
the presence of metallic substances or other impurities in the material.
Pre-treatment can be carried out using either acidic solutions or basic
ones. Pre-treatment with concentrated acidic materials can dissolve or
leach the metallic impurities present in the materials and improve the
concentration of silacious compounds. Several kinds of acids, both
mineral and organic, have been reported to be used for pre-treatment of
rice husk before other value addition processes such as incineration are
carried out [31-36]. HCI is suggested as a better choice for acid treatment

for the removal of metallic impurities; since it also provides higher
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surface area and structure sustenance and so it is by far the most widely
used method [17, 37-40]. HCI of three varied normalities was selected for

pretreatment of our present grass sources.

The composition and morphology of the ash obtained from pre-treated
CG after calcination were examined individually. All the different normalities
of HCI treatments on CGs followed by calcination produced a white
material which shows the purity of the sample from aforementioned

materials on acid leaching.

Table 4.1 Composition of ash obtained after the calcination of HCI treated CG

Strength of HC1 used

Weight % of elements

1IN 0.1N 0.01 N
Silicon (Si) 70.6 70.01 77.02
Oxygen (O) 29.4 29.99 22.78

Chemical composition of the acid pre-treated CG ash is given in
Table 4.1 with amount of silicon and oxygen in mass percentage and the
corresponding EDS spectrum shown in Figure 4.3. One of the main
problems in obtaining high purity silica from biomass by the direct
incineration process is the presence of metallic impurities in the grass
sources itself. Here acid treatment with different normalities results in only
silicon and oxygen as the elements, which shows that metallic impurities

have been removed through acid leaching.
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Figure 4.3 EDS spectrum of ash after calcination of (a) 1 N HCI treated
CG (b) 0.1 N HCI treated CG and (c) 0.01 N HCI treated CG.
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(b) Effect of acid pre-treatment on FPG

The composition and morphology of the ash obtained from pre-treated
FPG after calcination were examined individually; Chemical composition
of the untreated FPG ash is displayed in Table 4.2 with amount of silicon,
oxygen and metal impurities in mass percentage and the corresponding
EDS spectrum was shown in Figure 4. 4.

Table 4.2 Composition of ash obtained after the calcination of pre-treated FPG

Strength of HC1 used

Weight % of elements

1N 0.1N 0.01 N
Silicon (Si) 49.9 49.12 42.43
Oxygen (O) 50.1 50.88 38.69
Potassium (K) 0.00 0.00 6.37
Calcium (Ca) 0.00 0.00 7.48
Magnesium (Mg) 0.00 0.00 5.02
Iron (Fe) 0.00 0.00 0.00
Manganese (Mn) 0.00 0.00 0.00
Chromium (Cr) 0.00 0.00 0.00

Even though 0.01 N HCI is effective in removing the most prominent
metallic impurities, it cannot remove all other metallic impurities like K, Ca
and Mg as evident from Table 4.2. The action of 0.1 N HCI removed all
metallic impurities from FPG. This is confirmed from EDS analysis, and the
elemental composition of the ashes which remains unchanged between the
treated FPG’s obtained after 0.1 N and 1 N HCI treatment.
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Figure 4.4 EDS spectrum of ash after calcination of (a) 1 N HCI treated
FPG (b) 0.1 N HCI treated FPG and (c) 0.01 N HCI treated FPG.

(c) Effect of acid pre-treatment on BM

As in the above cases, acid treatment was carried out on BM and the
elements with their mass % are displayed in Table 4.3 and the EDS
spectrum is shown in Figure 4.5.
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Table 4.3 Composition of ash obtained after the calcination of pre-treated BM

Weight % of elements

Strength of HC1 used

1IN 0.1N 0.01N
Silicon (Si) 70.6 68.99 42.58
Oxygen (O) 29.4 29.99 29.79
Potassium (K) 0.00 0.00 9.93
Calcium (Ca) 0.00 1.02 4.67
Magnesium (Mg) 0.00 0.00 3.14
@ |
(b) |

Comts

Figure 4.5 EDS spectrum of ash

-
=
|
P

e, 4

o

500

after calcination of (@) 1 N HCI treated

BM (b) 0.1 N HCI treated BM and (c) 0.01 N HCI treated BM
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From the elemental anaylysis it is clear that 1N HCI washing is enough

to remove all the metallic impurities producing only silicon and oxygen.
4.3.2 SEM analysis

(a) Effect of acid treatment on the morphology of CG ash

20kV X5,000 5um 13 46 SEI

20kV X500 50pm 12 50 SEI

20kV  X5,000 5um 13 54 SEI

Figure 4.6 SEM photographs of the ashes from (a) and (b) 0.01 N HCI
treated CG, (c) and (d) 0.1 N HCI treated CG and (e) 1 N HCI
treated CG
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The morphological analysis of acid treated CG after calcination was
analysed through SEM and is displayed in Figure 4.6. 0.01N HCI treated
CG ash shows [Figure 4.6(a) and (b)] the presence of nearly fibrillar
structures. Bundles of fibers with micro meter size are shown in its higher
magnification [Figure 4.6(b)] and the size of the fibrous bundle is as
approximately 7um. As the strength of acid increases to 0.1N [Figure 4.6
(c) and (d)] fibrous morphology remains the same as in the above case but
more fiber breakage occurs due to the higher concentration of the acid.
SEM studies also reveal a different morphology for 1 N HCI treated CG
ash, since the acid concentration increases more and more fiber breakage
takes place, resulting in hazy morphology. Hence from the SEM and EDS
analysis it can be concluded that 0.01 N HCI pre-treatment is the optimum
concentration for isolating fibrous, high purity silica from CG. The detailed
characterization of the pure fibrous silica obtained after 0.01 N HCI
treatment (CGS) was carried out, and is presented in detailed in the

following portions.

The vyield of silica obtained after 0.01 N HCI leaching followed by
calcination is 13 g silica per 100 g CG. Here the choice of matrix is apt in
the sense that the fibrillar nature of the biomass itself act as a template for
getting fibrous morphology for the isolated silica through an undemanding

route.
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(b) Effect of acid treatment on the morphology of FPG ash
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20kV X5,000 13 49 SEI 20kV  X20,000 1pm 14 49 SEI

Figure 4.7 SEM photographs of the ashes from (a) and (b) 0.01 N HCI
treated FPG, (c) and (d) 0.1 N HCI treated FPG and (e) and (f)1
N HCI treated FPG
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SEM studies reveal a diverse morphology for the acid treated FPG ash
than CG ash. 0.01 N HCI treated FPG gives fibrillar structure [Figure 4.7 (a)]
with an individual fiber diameter less than 100 nm as it is clear in Figure
4.7(b). As the acid normality increases to 0.1 N, well defined puffy fibrous
structure is observed even at lower magnification [Figure 4.7(c)]. The
fibrous silica (PGNS) with less than 100 nm hair width could be extracted
as vividly seen from Figure 4.7(d). On further increase of acid normality to
1 N [Figure 4.7(e) and (f)], the distinct fibrous structure is lost leading to
stacked structure. The individual width can be hardly measured, though
nominal fibers fall to the size range less than 100 nm. Moreover fiber
breakage also occurs due to the deterioration of nano structure on increased
strength of acid. Hence it is confirmed that 0.1 N HCI pre-treatment is the
optimum concentration for isolating fibrous, high purity nano silica from FPG
as seen from SEM analysis and EDS data. The detailed characterization of the
pure fibrous nanosilica obtained after 0.1 N HCI treatment (PGNS) is

carried out.

The yield of silica obtained after 0.1 N HCI leaching followed by
calcination is found to be 6 g silica per 100 g flowers. Here also the choice
of matrix is relevant in the sense that the biomass itself acts as a template
for nano growth, since in most of the techniques used for the synthesis of
fibrous nano silica either expensive chemicals are used or template assisted

crystal growth is demanded [30].
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(b) Effect of acid treatment on the morphology of BM ash
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Figure 4.8 SEM photographs of the ashes from (a) and (b) 0.01 N HCI treated
BM, (c¢) and (d) 0.1 N HCI treated BM and (e) and (f) 1 N HCI

treated BM.
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The morphological analysis of acid treated BM shows fibrous
morphology in all the acid treated cases as shown in Figure 4.8. Bundles
of fibers in micrometer range are observed in all the three cases. The
individual width cannot be measured, though nominal fibers falls to the
size range less than 2 um. But from the elemental analysis by EDS shows
that AN HCI pretreatment is necessary to remove all the metallic
impurities present in the original bamboo flakes (BM). Hence the
optimum concentration for isolating high purity silica fibers from BM is
formed to be 1N. The detailed characterization of the pure fibrous silica
obtained after 1 N HCI treatment (BMS) was carried out and presented
further.

The yield of silica obtained after 1 N HCI leaching followed by
calcination is found to be 3 g silica per 100 g BM. Here also the choice of
matrix is justified since the biomass itself acts as a template for fibrous
silica isolation. Hence fibrous silica can be isolated in a very easy and cost

effective route.

4.3.3 Characterizations of optimized fibrous nanosilica

4.3.3.1 Characterizations of CGS

Figure 4.9(a) shows the FTIR spectrum of the silica obtained after
0.01N HCI pretreatment followed by calcination. The broad band around
3400 cm™ for silica is due to silanol -OH groups and adsorbed water. The
bending mode of this was seen at around 1631 cm™. The predominant peak
at 1103 cm™ is due to siloxane bonds (Si-O-Si). The peaks between 1000
and 700 cm™ are attributed to vibration modes of the gel network. The

presence of an absorption band at 803 cm ™ is assigned to the symmetric
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stretching vibration of Si-O-Si bond. Another peak at 469 cm™ is the

bending mode of O-Si-O bond. Thus it can be concluded that the sample

consists predominantly of silicon oxide.
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Figure 4.9 (a) FTIR spectrum (b) XRD pattern (c) Nitrogen adsorption—
desorption isotherm (Inset shows the pore size distribution)
(d) and TGA pattern of CGS.

X-Ray is an important tool to identify the crystalline nature, purity

and size of the materials. The X-Ray diffraction patterns of the CGS silica

samples are shown in Figure 4.9(b). The characteristic of amorphous SiO;
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is observed due to the strong broad peak around 22-23° is. This shows that
the isolated silica is in amorphous state.

Figure 4.9(c) shows the nitrogen adsorption- desorption isotherm of
CGS. From the figure it is clear that in the nitrogen adsorption isotherm,
the desorption branch does not follow the adsorption branch, but gives a
distinct hysteresis loop, where the amount adsorbed is greater along the
desorption branch compared to the adsorption branch. The isotherm
belonged to the type IV category in the International Union of Pure and
Applied Chemistry (IUPAC) classification of different types of hysteresis
loops. The type IV isotherm profile is generally associated with mesoporous
adsorbents [41]. Figure 4.9(c) also reveals that the type IV isotherm consists
of a narrow H1 hysteresis loop which confirms the narrow and uniform pore
distribution in the sample. The Brunauer-Emmett—Teller (BET) surface area
calculated from the nitrogen adsorption—desorption analysis is 195 m2/g with

a pore diameter around 7.6 nm.

Thermogravimetric analysis of isolated silica CGS was carried out in
the temperature range from 40 to 800 °C. The thermal behavior is shown
in Figure 4.9(d). The thermogram shows a weight loss within 150 °C and
after that it does not show further reduction in weight. Moreover on
increasing the temperature from 150 °C, the weight loss is negligible
which continues up to 600 °C, which indicates that CGS is purer and all
the metallic impurities are removed during HCI pre-treatment and all the

organic moieties present can be removed during the calcination process.
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4.3.3.2 Characterizations of PGNS
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Figure 4.10 (a) XRD pattern (b) FTIR spectrum (c) Nitrogen adsorption—
desorption isotherm (inset Pore size distribution) and (d) TGA

pattern of PGNS

The XRD pattern of the CGS powder is shown in Figure 4.10 (a).

The characteristic strong broad peak centers at 26 angle of ~22° and thus

confirms the amorphous nature of silica. The absence of a sharp peak

indicates the absence of crystallinity in the so called isolated sample.
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The FTIR spectrum of the PGNS is shown in Figure 4.10(b). The
peaks appearing in 450-1300 cm* are characteristic of silica samples. The
band centered at 466 cm * corresponds to the bending frequency of O-Si-O.
Also the strong peak at 1,110 cm * corresponds to the asymmetric vibration
of the siloxane bond, Si—O-Si. This bond forms the backbone of the silica
matrix. The presence of an absorption band at 801 cm ™ is assigned to the
symmetric stretching vibration of Si—-O-Si bond. The bands at 3,439 and
1,636 cm * correspond to the —O-H stretching and bending vibrations. The
band around 3,439 cm™ is due to —O-H stretching vibration of the silanol
or adsorbed water molecules on the silica surface. The bending vibration of
the trapped water molecules in the silica matrix is detected as an intense
peak at 1,636 cm *. This band cannot be completely removed by heating,
however its intensity is decreased. No peak is found between 2,800 and
3,000 cm* indicating that there are no original organic compounds in the
silica after controlled combustion and extraction. Thus, it is possible to
produce a highly pure nanosilica powder from FPG using 0.1 N HCI

treatment followed by calcination at 650 °C for 6 h.

Figure 4.10 (c) shows typical nitrogen adsorption—desorption isotherm
of PGNS. The nitrogen adsorption isotherm of PGNS also follows the same
trend as explained in the case of CGS, where the amount adsorbed is greater
along the desorption branch compared to the adsorption branch. The
isotherm belongs to the type IV category IUPAC classification of different
types of hysteresis loops which reveals that type IV isotherm consists of a
narrow H1 hysteresis loop. This can be confirmed from the narrow and
uniform pore distribution in the sample. The Brunauer—-Emmett—Teller

(BET) surface area calculated from the nitrogen adsorption—desorption
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analysis is 126 m?/g with a pore volume of 0.29 cc/g. Adsorption in
between 0.2 and 0.9 relative pressure (P/Po) clearly indicates the presence
of large number of mesopores [Figure 4.10(c) inset] with pore diameter

around 3.6 nm.

The thermogravimetric curve obtained for PGNS is given in
Figure 4. 10(d). The thermogram shows weight losses within 150 °C, but it
does not show further reduction in weight. The negligible or nearly
absence of weight loss after 150 °C confirmed that the isolated silica is
purer and all the metallic impurities and the organic moieties present could

be removed during HCI pre-treatment and the calcination process.

4.3.3.3 Characterizations of BMS

Figure 4.11(a) shows the FTIR spectrum of the silica obtained after 1N
HCI pretreatment followed by calcination. The broad band around 3437
cm™ is due to silanol —O-H groups and adsorbed moisture. The bending
mode of -O-H is seen at around 1630 cm™. The prime peak at 1102 cm™
is due to siloxane bonds (Si-O-Si). The presence of an absorption band at
803 cm ' is assigned to the symmetric stretching vibration of Si—O-Si
bond, and the peak at 469 cm™ is the bending mode of O-Si-O bond.
Thus from these observations it can be concluded that the sample consists
predominantly of silicon oxide, further the purity of isolated BMS was
established.

I Department of Polymer Science and Rubber Techinology, CUSAT



Isolation and Characterization of Fibrillar Nanosilica of Natural Origin: Indian Grass, Cortaderia ...

100

(@) 700 (b)
600 -
500
3 _
E =
3z 3 400+
= -
g Z 300
z E 2004
e
=
100
P,
1102
0 . : . . . : . 0 i i . .
4000 3500 3000 2500 2000 1500 1000 500 20 40 60 80 100
Wavenumber (em™) Angle 26 (degrees)
100.0
1.2 ) (d)
’ 99.5
éf 99.0
=
E
E 2 9854
3 E
; ® 98.0
] s
< 97.5 -
E.
-} 97.0 -
H
O T T T T T T T T
. . , . l 100 200 300 400 500 600 700 800
0.0 0.2 0.4 0.6 0.8 1.0 o
Relative Pressure (P/P%) Temperature (~C)

Figure 4.11 (a) FTIR spectrum (b) XRD pattern (¢) Nitrogen adsorption—
desorption isotherm (inset shows the pore size distribution) (d)
TGA pattern.

Figure 4.11(b) XRD pattern of BMS clearly shows that a broad
absorption band at 20 around 22° is the characteristic of amorphous silica.

Thus the isolated silica BMS is highly amorphous in nature.

The nitrogen adsorption-desorption isotherm [Figure 4.11(c)] clearly
indicates the type IV isotherm as in the case of CGS and PGNS. The
Brunauer—-Emmett—Teller (BET) surface area calculated from the analysis

is 180 m?/g and a pore diameter around 16 nm.
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Thermogravimetric analysis of BMS was carried out in the temperature
range from 40 to 800 °C and the thermal behavior is shown in Figure 4.11(d).
The thermogram shows a weight loss within 150 °C and after that it does not
show further reduction in weight. The loss of weight is due to the adsorbed
moisture in the sample. On increasing the temperature from 150°C, the
weight loss is negligible which indicates that BMS is purer and all the
metallic impurities were removed during HCI pre-treatment and all the
organic moieties present could be removed during the calcination process.

4.3.4 Transmission electron microscopy (TEM)

4.3.4.1 TEM analysis of CGS

Figure 4. 12 (a) and (b) TEM images of CGS

The TEM images of CGS at lower resolution [Figure 4.12(a)] reveal
that the isolated silica has a fibrous morphology. TEM at higher resolution
[Figure 4.12 (b)] confirms porous fibrous structure to CGS. The uniformly
distributed pores as revealed from BET analysis are also confirmed from
the TEM images.
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4.3.4.2 TEM analysis of PGNS

0.5 pun ¥ —

Figure 4.13 (a) and (b) TEM images of PGNS

The TEM images of PGNS [Figure 4.13 (a) and (b)] reveal that the
isolated nanosilica mainly consists of nano channel network. TEM analysis
confirms that porous nanoparticles are interconnected to form the fibrous
nanochannel network. The individual channels are less than 100 nm in
width. The uniformly distributed pores as revealed from BET analysis are
also well established from the TEM images.

4.3.4.3 TEM analysis of BMS

G oy (i

Figure 4. 14 (a) and (b) TEM images of BMS
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The TEM analysis of BMS depicts a fibrous morphology for the
isolated silica. Bundles of fibers with a few micrometers in width were
observed in the SEM image, whereas TEM analysis gives a vivid picture of

individual fibers having width in nanometer range.

4.4 Conclusions

Three different grass sources viz Indian grass, Pampas grass and
Bamboo were used for the isolation of fibrous silica via an acid pre
treatment followed by calcination. The optimized acid concentration for
pretreatment was 0.01N HCI for CG and 0.1N HCI for FPG and 1N HCI
for BM respectively. The metallic impurities were removed with mild acid
solution and silica thus isolated has nano fibrous morphology as evident
from SEM and EDS analysis in the case of PGNS, whereas bundles of
fibers were obtained for CGS and BMS. Fibrous morphology for all the
silica is confirmed from TEM analysis. Surface area and pore size
distribution were studied by using BET surface area analysis and it is
obtained as 195m%g for CGS, 126m*g for PGNS and 180m?/g for BMS.
The yield of nanosilica from various raw materials in their dried form is as
follows: CGS 130 g/kg, FPG 60 g/kg and BM 30 g/kg respectively. Thus
the study has identified a potential route for preparing high-purity
mesoporous fibrous silica materials by utilizing an abundant bio-precursor
like tip of Indian grass, flowers of Pampas grass and stem of Bamboo. The
method is simple and well suited for mass production, and may help to

reduce the waste from these grass sources.
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Chapter

HMHDPE/LLDPE BLEND:
EFFECT OF NANOZIRCONIA

Part A
HMHDPE/LLDPE blends: Preparation and Evaluation of
Mechanical, Thermal and Rheological Characteristics

Part B
Preparation and Evaluation of Monoclinic and Tetragonal
Nanozirconia reinforced HMHDPE/LLDPE blend

Part A

HMHDPE /LLDPE BLENDS: PREPARATION AND EVALUATION OF
MECHANICAL, THERMAL AND RHEOLOGICAL CHARACTERISTICS

Polyethylene based blends have become commercially important for optimizing
its mechanical and rheological parameters. High molecular weight high density
polyethylene (HMHDPE) and Linear low density polyethylene (LLDPE) based
blend was prepared by melt mixing in a Thermo Haake Rheocord mixer.
HMHDPE possess high stiffness but is difficult to process due to its high
molecular weight while LLDPE has high impact strength and good processability.
Processability of HMHDPE can be improved by blending with LLDPE. Further if
properties like toughness and stiffness can also be averaged their blends can be
commercially usefull. Mechanical properties like tensile, flexural, hardness and
impact properties of the blends have been studied. Thermal analysis like DSC and
TGA were also conducted. Melt rheological analysis on a parallel plate
rheometer also explored. Mechanical properties fall in between HMHDPE and
LLDPE. Thermo gravimetric analysis (TGA) shows improved thermal stability by
the addition of LLDPE to HMHDPE.
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5.A.1 Introduction

The blending of two or more polymers to form a new material is
widely established as a means to produce new materials with tailored
properties. Other than economical and environmental incentives, blending
of polymers is often aimed at improving a weak property of a component
resin such as impact strength or processability [1]. The miscibility of the
constituent polymers determines the compatibility of the blend on a
molecular level that, in turn, determines the ultimate properties [2-4].

Polyolefins are important polymers in industry. In recent years
blends of various polyolefins have received more and more attention for
many reasons. A vast number of blends of polyolefins have been used
in agricultural and packaging industries. Among different grades of
polyethylenes, ultra high molecular weight polyethylene (UHMWPE) being
high molecular weight and density provides superior mechanical properties,
but the processability of this PE is very difficult [5, 6]. Owing to its better
mechanical performance and chemical inertness it has been long established
as a bone substituent along with metal part or with nanofillers [7]. Due to the
difficulties like processability and high cost of UHMWPE it will be
advantageous to develop produce a new blend of PEs matching the
properties of UHMWPE [8]. With the advancement of nanotechnology and
innovative manufacturing techniques for the preparation of nanocomposites,
HDPE based nanocomposites were recently investigated for the utilization

in total hip artificial joints [9-14].

Polyethylene blends have become commercially important for

optimizing the mechanical properties and processability of individual
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members. High molecular weight high density polyethylene (HMHDPE) is
widely used because of its versatile properties and is widely used due to its
mechanical strength, low cost and resistance to chemical and biological
attack [15-17]. Linear low density polyethylene (LLDPE) has better
mechanical properties like elongation at break, impact strength and also
has higher resistance to puncture and tearing than LDPE, and hence finds
applications in different fields [18, 19]. Blends of LDPE and LLDPE are
for last 20 years considered as excellent materials for film manufacture
since they merge the processability of LDPE and the better mechanical and
environmental cracking resistance of LLDPE [20-22]. The blend of
HMHDPE, which has a few side chains per 1000 carbons, LLDPE, which
has short chain branching can be easily realized; the characteristics can be
varied by the mixing method or the mixing condition. While many studies
have been undertaken on LDPE-LLDPE, HDPE-LDPE and HDPE-LLDPE
blends, no studies are reported on HMHDPE-LLDPE blends. However, it is
reported that a blend of HDPE and LLDPE exhibited a crystallization
exotherm of a single peak which indicates that it is a compatible system [23].
In view of the continued and increasing importance of polyethylene blends
as a means of developing new materials with desirable properties, the current
work is aimed at the preparation of binary blends of HMHDPE and LLDPE

and investigating their mechanical, thermal and rheological properties.

5.A.2 Methodology
5.A.2.1 Materials

The details of the polymers used for the study are discussed in
Chapter 2.
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5.A.2.2 Preparation of the blend

HMHDPE and LLDPE granules were placed in an air oven set at
100°C for four hours to remove any moisture present and allowed to cool
to room temperature in desiccators. Five blend compositions were selected
namely HL-1, HL-2, HL-3, HL-4, HL-5 and the granules were weighed
out. For melt blending granules were fed into the mixing chamber of a
Thermo Haake Rheomix Poly Lab system equipped with roller type rotors
set at 160°C. The blender was fitted with roller rotor blades counter rotating
at 3:2 speed ratio. Table 5.A.1 represents the sample description and the
corresponding weight % for blend preparation. A mixing time of 8 minutes
was allowed to complete each blending operations. During this time the
torque would become steady. The hot polymer blend taken out from the
mixing chamber was pressed by hydraulic press and was cut into small
pieces. The material was then injection molded using a semi automatic
type injection molding machine with a barrel temperature of 180°C.

Table 5.A.1 Composition of the polyethylene blends made by melt mixing in
the Thermo Haake Rheomix Poly Lab system

Sample Sample description HMHDPE content LLDPE content

Code in blends in blends
(weight in g) (weight in g)

HL-0  100% HMHDPE 43.77 0

HL-1  90% HMHDPE- 10% LLDPE  39.25 4.36

HL-2  80% HMHDPE-20% LLDPE  34.76 8.69

HL-3  70% HMHDPE- 30% LLDPE  30.35 12.97

HL-4  60% HMHDPE- 40% LLDPE  25.92 17.28

HL-5 50% HMHDPE-50% LLDPE  21.48 21.48

LH-0  100% LLDPE 0 42.20

The samples were injection moulded and characterized according to

the techniques discussed in Chapter 2.
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5.A.3 Results and discussion
5.A.3.1 Mechanical properties
5.A.3.1.1 Tensile properties

The tensile stress-strain curves of the HMHDPE-LLDPE blends of
different compositions and the pure components are shown in Figure 5.
A.1(a). The tensile properties of the blends vary smoothly between those of
the parent polymers. LH-0 has a lower yield stress than HL-0, but a much
higher elongation at break. The obvious effects of adding LH-0 to the
blends are to lower the yield stress and increase the elongation at break.
The strain hardening during plastic flow is similar for both polymers and
the blends. The very high elongation at break of LH-0 is due to its stable
necking behavior [24]. In the case of LH-0, elongation of the neck occurs
as a result of the transfer of material from the wider part of the specimen,
while in the case of HL-0 it occurs by deformation of the already

transformed material.
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Figure 5.A.1 Tensile properties of HMHDPE/LLDPE blends (a) stress-strain
curve (b) variation of tensile strength and tensile modulus by
different blend compositions
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The ultimate tensile strength and modulus of binary blends falls with
incorporation of higher amount of LLDPE [Figure 5. A.1 (b)]. The break
strength of HMDPE-LLDPE blends was observed to vary between 63 and
15 MPa and the tensile modulus was between 1365 and 164 MPa. These
observations are in agreement with those made for blends of HDPE with
LLDPE where the break strength was found to increase with increasing
LLDPE content in the blend [25]. At higher concentration of LLDPE, the
modulus does not change significantly. The tensile behavior of the
HMHDPE-LLDPE blends suggests that the blends exhibit sufficient
compatibility between HMHDPE and LLDPE in the solid phase. The ability
to co-crystallize may be a strong driving force for the miscibility of these
blends [26].

5.A.3.1.2 Flexural properties
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Figure 5.A.2 Variation of flexural strength and flexural
modulus by different blend compositions
The flexural properties like flexural strength and modulus with the
blend composition for HMHDPE-LLDPE are shown in Figure 5. A.2. Both
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the properties are found to decrease with the increase in LLDPE content. The
flexural strength changes from 33 MPa to 22 MPa as the LLDPE content
increases from 0% to 40 weight%. Further addition of LLDPE shows a sharp
drop in the flexural strength, reaching a value of 19 MPa for the 50/50
HMHDPE-LLDPE blend, and finally reaching to 8MPa for 100% LLDPE.

Flexural modulus also shows the same trend.

5.A.3.1.3 Impact strength
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Figure 5.A.3 variation of impact strength by different blend compositions

The notched 1zod impact strength versus composition for blends of
HMHDPE with LLDPE is shown in Figure5. A.3. Impact strength
increases for the HMHDPE-LLDPE blends with increasing LLDPE phase;
LLDPE phase acts as an impact modifier for HMHDPE. When the LLDPE
content varies from 0 to 40 weight%, a significant change in impact strength
is not observed. But, as the LLDPE content in the blend exceeds 40%, a

remarkable increase in impact strength is observed, attaining the values
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419 J/m at 50 weight% LLDPE content in the blends. For 100% LLDPE,
no break was observed under the test conditions. This suggests that the
LLDPE has superior impact properties.

5. A.3.1.4 Surface hardness

HMHDPE-LLDPE blend

s___

T
65 70

55 Surfacg%ardness
Figure 5.A.4 variation of impact strength by different blend compositions

Surface hardness values of the blends obtained from a hand operated
durometer as shown in Figure 5.A.4. The hardness value represents the
ability of the material to stand firm to the local surface deformation. LH-0
has the least hardness and HL-0 has the highest value, the blends show
hardness in between that of HMHDPE and LLDPE.

5.A.3.2 Melt rheological properties
5.A.3.2.1 Melt flow index
The MFI of a polymer or polymer blend is related to its relative

molecular weight and is often used to characterize its processability [27-29].
Melt flow index of HMHDPE-LLDPE blends of four different compositions
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namely HL-0, HL-1, HL-2, HL-3, HL-4, HL-5 were obtained from Melt flow
Indexer at a temperature of 190 °C. A plot of MFI versus composition for
HMHDPE-LLDPE blends is shown in Figure5. A.5.
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|
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HMHDPE-LLDPE blend
Figure 5.A.5 variation of MFI for different blend compositions

It is observed that for the HMHDPE-LLDPE blends, this plot shows
an upward trend in the MFI. The MFI of HL-2 blend is 0.128 gm/10 min.
When the LLDPE content increases to 50% the MFI value is 0.298 gm/10 min.
The Melt Flow Index of polymer blends depends upon interfacial adhesion,
interfacial thickness and the characteristics of the components forming the
blend [27]. When shear stress is applied on polymer blends, there will be
interlayer slip along with orientation and disentanglement. Further, the
blend can undergo elongational flow. If the interface is strong, the
deformation of the dispersed phase will be effectively transferred to the
continuous phase. If the interface is weak, interlayer slip occurs. The
psuedoplastic behavior of a polymer is due to the random and entangled

nature of polymer chains [30]. The reduction in MFI of polymer blends
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indicates an increase of shear viscosity. This is probably due to the fact that
both phases in a polymer blend have an elastic response and can store a
part of the elastic energy applied by the testing apparatus. But discrete
domains would dissipate less energy while flowing in the apparatus than
the continuous phase that wets the walls. They will offer less resistance to
flow and resulting lower viscosity. The viscosity will be much lower if the
dispersed phase gets deformed by the flow [31, 32]. In any polymer melt,
flow occurs when polymer molecules slide past each other. The ease of
flow depends upon the mobility of molecular chains and the forces or
entanglements holding the molecules together. The complete occurrence of
interlayer slip and consequent decrease in viscosity may be contributing to
the increased MFI of HMHDPE-LLDPE blends rich in LLDPE content.

5.A.3.2.2 Dynamic rheological analysis (DRA)

The knowledge of rheological properties of the melt and the blend
morphology are important to control the processing parameters for the
desired end-use applications [33]. The compatibility or miscibility between
phases is an important factor affecting the rheological characteristics of
polymer melts. The dispersion and distribution of the components in the
blends as well as the mixing conditions are also related [34]. Rheological
properties are governing the flow behavior of polymers when they are
processed in the molten state. It is particularly concerned with the
properties of matter that determine its behavior when a mechanical force is
exerted on it. Rheology is distinguished from fluid dynamics because it is
concerned with the three traditional states of matters rather than only liquid
and gases. It is the rheological properties that govern the flow behavior of

polymers when they are processed in the molten state. In order to measure
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a material’s rheology, five criteria must be met: geometric boundary
conditions, stress, strain, strain rate and mode of deformation. For a good
understanding of the rheological properties of the materials, it is necessary
to either assess the deformation resulting from a specified force or compute
the force essential to create a given deformation. Since a measure of force,
one can utilize the stress which is defined as the ratio of applied force to
the cross sectional area on which the force acts. Deformation can be
illustrated in term of strain or strain rate [35-40].
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Figure 5.A.6 Dynamic rheological analysis of the pure polymer and the blends
(a) variation of complex viscosity against angular frequency,
(b) variation of storage modulus against angular frequency,
(¢) variation of loss modulus against angular frequency,
(d) variation of tan § against angular frequency
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In Figure5. A.6(a) the variations of complex viscosity (n) with
frequency on a log scale for the blend as well as the polymers is plotted. As
it can be seen, for all the cases, complex viscosity decreases with increase
in frequency. HL-0 has the highest complex viscosity and thus it is
somewhat difficult to process. Blend shows complex viscosity in between
that of HL-0 and LLDPE as expected. The variations of storage modulus
(G") with frequency for the pure polymer as well as the blends are shown in
Figure5. A.6 (b). Similar to the observations made in the case of
mechanical properties, rheological properties also lies in between that of
pure HL-0 and LLDPE. HL-0 has the highest storage modulus and
LLDPE as the least value. Figure5. A.6 (c) and (d) show the variation of
loss modulus (G") and tan  against angular frequency for the polymer and
the blend , which also follow the same trend in the case of storage

modulus, that we already expected.

5.A.3.3 Thermal properties of the blend

5.A.3.3.1 Thermogravimetric analysis
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Figure 5. A.7 Thermogravimetric curve of HMHDPE-LLDPE blend
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The thermal stability and degradation studies of polymer blends and
polymer compounds are essential both for the processing and application
purposes. Thermal analysis is considered as an important analytical method
to understand the structure-property relationship and mastering the
technology for the industrial production of different polymeric materials.
Thermal degradation of PEs suggests that the degradation is initiated by
chain scission of C-C bonds. All samples showed single step degradation
pattern in the range of 290 to 530°C. Blends show superior thermal stability
than the pure polymers.

5.A.3.3.2 Differential scanning calorimetry

The melting and crystallization behavior of the HMHDPE-LLDPE

blends is shown in Figure 5.A.8.
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Figure 5.A.8 Non isotherm crystallization curve of HMHDPE/LLDPE blend
(a) cooling behavior, (b) melting behavior

HMDPE-LLDPE blends exhibit a single melting peak at all
compositions, which is consistent with the report that HDPE/LLDPE
blends co-crystallize to form a single phase [41]. As the HMHDPE content
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increases, the single peak shifts to intermediate between the melting point
of the pure components. The same tendency is noted in a cooling cycle for
overall blend compositions. Thus the system can be considered to be
miscible in the crystalline phase. Thermal study (DSC) on the melting and
crystallization of the binary blends of HDPE/LLDPE system shows one
melting endotherm by Lee et al. indicate that the blend system is miscible
in the crystalline phase [42].

5.A.3.4 High performance studies of HL-2 blend

Based on the mechanical, thermal and rheological properties of the
HMHDPE-LLDPE blends, the 80/20 blend HL-2 was selected for further
studies. HMHDPE possesses the maximum stiffness and melting
temperature while LLDPE has the highest impact strength. Addition of
LLDPE also improves thermal stability and processability. So HL-2 blend
which possesses high mechanical properties as well as good processability

was selected to study it’s suitability for high performance applications.

5.A.3.4.1 Compressive strength

Compressive property was measured using cylindrical shaped
specimens with 12mm length and 6mm diameter by the application of
compressive load. Here the polymeric materials being ductile, a clear
point of failure is not observed. Hence compressive modulus is usually
monitored to evaluate the compressive properties. Figure 5.A.9 (a)
shows the compressive modulus of the pure polymers and the HL-2
blend.
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Figure 5.A.9 (a) Variation of compressive modulus (b) Coefficient of friction
as a function of sliding distance

HL-0 has the highest compressive modulus and LH-0 has the least
value, while the blend shows properties in between. As in the case of other
mechanical performance here also the longer chains of HMHDPE transfer
load more effectively to the polymer back bone by strengthening the
intermolecular interactions under compressive load. HL-2 blend shows the

compressive modulus 413 +15 MPa.

5.A.3.4.2 \WWear resistance

Figure 5. A.9 (b) shows the variation of friction coefficient with sliding
distance. As the coefficient of friction decreases the wear resistance of the
material increases. It is observed that initially friction coefficient of LH-0
is high signifying better wear material. However with longer times (or the
distance increases) coefficient of friction slightly decreases. HL-0 shows
no significant change in the coefficient of friction against the sliding
distance, which implies that HL-0 shows better wear resistance property.
HL-2 initially shows coefficient of friction in between that of HL-0 and

LH-0, but it decreases rapidly within short sliding distance, followed a
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relatively steady-stage sliding until the friction coefficient remains unchanged
due to the formation of the steady transfer films between contact surfaces of
friction pair during the repetitive sliding action.

5.A.4 Conclusions

HMHDPE and LLDPE are sufficiently miscible in the solid phase as
well as in the melt to take advantage of the attractive properties of the both.
All mechanical properties other than impact strength are higher for
HMHDPE than LLDPE. Blending HMHDPE with LLDPE enhances the
toughness of HMHDPE with only marginal decrease in the yield stress.
Also due to its high molecular weight HMHDPE is difficult to process.
Processability of HMHDPE can be improved by blending with LLDPE.
Thermal stability of HMHDPE improves by blending. To take advantage
of the high mechanical performance with better processability 80/20
HMHDPE-LLDPE blend was selected for further studies.
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Part B

PREPARATION AND EVALUATION OF MONOCLINIC AND TETRAONAL
NANOZIRCONIA REINFORCED HMHDPE/LLDPE BLEND

Nanocomposites based on 80/20 HMHDPE/LLDPE blend were fabricated by
melt mixing in a Thermo Haake Rheocord mixer with two different zirconia
nano powders (m-ZrO, and t-ZrO,), followed by injection moulding. These
two different fillers were dispersed in the matrix in order to investigate the
influence of the crystalline phase, size and morphology of the filler on the
properties of the composite. Both the fillers can be dispersed well in the
polyolefin blend matrix. The effects of nano fillers on the mechanical, thermal,
rheological and morphological characteristics of nanocomposites were
evaluated. In both cases significant improvement in mechanical properties are
obtained. The interfacial interactions between these porous fillers and the
polymer matrix improve the mechanical properties even without any surface
modification to both the filler and the matrix. Further, the composites show a
higher thermal stability with respect to the neat blend. The reinforcement
effect of the nanofiller and the polymer matrix is found to be due to the
mechanical interlocking between the polymer chain and the porous filler
particles, as observed from the FTIR studies of the nanocomposites. The micro
structure investigation of the nanocomposite through SEM also confirms
enhanced interactions of polymer chains and the filler. Irrespective of their
crystalline phase, size and morphology, both fillers are capable of producing
a similar enhancement of composite features.

5.B.1 Introduction

Nanotechnology has contributed to the creation of smart functional
materials, devices and systems through manipulation of matter in the
nanometer scale, and exploitation of novel phenomena and properties
which arise because of the nanometer size. Polymer nanocomposites (PNCs)

are a class of composite material comprising of two phases, a continuous
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phase that is the organic polymer matrix and a discontinuous phase that is
the filler which is having at least one dimension in nanometer length scale
[1]. Nanomaterials have emerged as the ultimate reinforcing agents for
polymers and modification of polymer blends with nanofillers is an exciting
area because of the myriad number of choices available. Significant
improvements in properties were observed for PNCs with low filler loading
compared to the pure polymers or conventional particulates composites [2].

The uniqueness of nanoparticles is that their properties can be tuned
by controlling the size, morphology and composition of constituents. There
is a wide spectrum of nanomaterials which include metal oxides (nanosilica
nanoalumina, nanozirconia, nanozincoxide, etc.) nanoclay, nanocellulose,
carbon nanotubes, graphene etc. Many researchers have paid attention to
the role of these nanofillers on the thermoplastics, because the significant

improvement in properties at very low concentrations [3-8].

Polyolefins are extensively used as a matrix for PNCs has become
the general norm due to their wide spectrum of properties finding
applications in diverse fields. Among thermoplastic polymers, polyethylenes
are of technological interest since they can be easily processed. Polyolefins
can be further subdivided into several grades for different applications
depending on density, crystallinity and molecular weight. High molecular
weight high density polyethylene (HMHDPE) is extensively used due to its
versatile properties like mechanical strength, low cost, and resistance to
chemical and biological attack. Linear low density polyethylene (LLDPE) is
a substantially linear polymer with significant numbers of short branches.

The major application of LLDPE is in packaging industry for film
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production, because of its high tear and impact strength. In recent years blends
of various polyolefins have received much attention due to the improved
processability and mechanical properties. Many authors have already reported
the improvements of the physicomechanical properties of the polyethylene
blends by the incorporation of various inorganic nanofillers [9-11].

Nanozirconia is a versatile material with diverse applications due
to its innate mechanical property and thermal stability. The use of
nanozirconia (n-ZrO;) on the performance of polyethylene blend is a very
creative research area these days. n-ZrO, has generated a greater amount of
research interest owing to its fascinating properties [12-14]. Good chemical
and dimensional stability, mechanical strength, toughness, and Young’s
modulus similar to that of stainless steel alloys make zirconia an excellent
ceramic biomaterial. Zirconia has been shown as to be biocompatible as
titanium and it has been widely used to build prosthetic devices due to its
good mechanical strength [15-17]. Zirconia has three crystalline phases:
monoclinic, tetragonal, and cubic. Monoclinic phase is thermodynamically
stable at room temperature, while tetragonal and cubic phases exist at high
temperatures (>1170 °C and >2370 °C, respectively) [18,19].

Mishra et al. [20] studied the effect of n-ZrO, on mechanical and
thermal stability of PEEK nanocomposites and they found improvement in
both areas with the increase of the nanozirconia content. The inclusion of
zirconium particles into a UHMWPE matrix can effectively reduce the
wear rate of the component without sacrificing the impact toughness [21].
Epoxy-ZrO, nanocomposites with good particle distribution improve the

overall toughening mechanism of the neat epoxy [22]. R.V. Kurahatti et al.
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investigated effect of the friction and dry sliding wear behavior of
nanozirconia filled bismleimide (BMI) composites, and they concluded
that hardness and wear resistance of BMI nanocomposites considerably
improve with increasing content of ZrO, [23].

In the present study it is proposed to investigate the use of two
different zirconia nano fillers (m- ZrO; and t- ZrO;) synthesized by PVA
assisted sol-gel method (as described in Chapter 3) to modify the
properties of HMHDPE/LLDPE blends.

5.B.2 Methodology
5.B.2.1 Materials and sample preparations

80% HMHDPE/ 20% LLDPE were blended with 0.5, 1, 1.5, 2, 2.5, 3 wt
% of the synthesized zirconia (NZR) fillers (m- ZrO, and t- ZrO,) separately.
The blends containing 0 weight% filler are designated as HL-2. The blends
containing monoclinic crystallite form of zirconia (m-ZrQO) are designated as
HL-2-XmNZR, where X is 0.5, 1, 1.5, 2, 2.5, 3 wt% of m-ZrO, (e.g., HL-2-
0.5mNZR) and for the composite containing tetragonal crystallite form of
zirconia (t-ZrO;) were designated as HL-2-XtNZR, where X is 0.5, 1,
1.5, 2, 2.5, 3 wt% of t-ZrO; (e.g., HL-2-0.5tNZR). For the fabrication of
polymer blend nanocomposites first the polymer pellets were fed into
the mixing chamber of Thermo Haake Rheomix Poly Lab system equipped
with roller type rotors at 50rpm set at a temperature of 160 °C. A mixing
time of 8 minutes was allowed to complete the reaction; and the torque to
become steady. After 2 minutes of mixing, required quantities of zirconia

filler were added according to their corresponding weight%. Procedure for
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the preparation of polymer blend nanocomposites strategy is shown in
Scheme 5. B.1

HL-2-mNZR composite
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Scheme 5.B.1 Schematic diagram of polymer nanozirconia composites

5.B.3 Results and discussion
5.B.3.1 Mechanical properties
5.B.3.1.1 Tensile properties

Nanozirconia has high intrinsic strength which helps to act as excellent
filler for the fabrication of composites with superior thermo-mechanical
properties. Large surface area and porosity are the highlights of nano sized
zirconia which facilitates dispersion of fillers and enables it to act as
reinforcement in the composite. Besides, the matrix/filler interface interactions

facilitates mechanical load transfer from matrix to filler improvising the
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stiffness and strength. The influence of NZR on the mechanical performance
of HL-2-NZR composites was evaluated in terms of the tensile, flexural,
notched impact and hardness property measurements. Substantial
improvements in the mechanical properties were obtained as expected, even
without any surface modification. The development in mechanical properties
of the HL-2-NZR composites was similar to the behavior reported earlier by
Panaitescu et al. [24]. They observed an increase in the tensile performance
with the incorporation of nanoSiO, and Al,Os in low density polyethylene.
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Figure 5B.1 Tensile properties of HL-2-NZR composites (a) stress-strain
curves of HL-2-mNZR composites (b) stress-strain curves of
HL-2-tNZR composites (c) variation of tensile strength and
tensile modulus of both m-ZrO, and t-ZrO, composites
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The tensile stress-strain curves of the pure HL-2 blend and the
nanocomposite filled with different loadings of m- ZrO, and t- ZrO, are
shown in Figure 5(a) and (b) respectively. As the NZR loading increases in
both cases ultimate tensile strength increases and attains a maximum for
the composite loaded with 2 weight % of m-ZrO, and with 1.5 weight % of
t-ZrO, and then decreases. An increase of 38% in tensile strength is
observed for HL-2-2mNZR and 33% for HL-2-1.5tNZR. This can be
attributed to good filler dispersion and effective interaction of nanozirconia
with HL-2 blend matrix at this composition leading to an effective stress
transfer. [25]. The decrease in tensile strength after reaching the peak value
can be due to the aggregation of filler which leads to stress field
concentration in and around the aggregates in matrix leading to speedy
propagation of the initiated crack [26, 27].

The elastic modulus of the composites almost doubles with respect
to that of neat HL-2 blend matrix at 3 weight % NZR loading, in
agreement with literature data concerning various thermoplastic matrices
reinforced with various ceramic fillers [28-32]. Increase in the elastic
modulus is that the filler can restrain the mobility of the polymer chains
in the vicinity of each particle. In addition, elongation at break (EB)
value decreases steadily with increasing filler loading as evident from the
stress-strain plot which are in accordance with previous studies on
HDPE-hydroxyapatite system [28, 29, 32]. The variation in strain to
failure for nanocomposite is different for different systems. Typically
addition of hard and rigid nanofiller to a moderately crystalline polymer
irrespective of filler matrix interaction arrests the elongation and hence the
deformation [33].
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5.B.3.1.2 Flexural properties

— @ = Flexural modulus HL-2-tNZR

42 | = * = Flexural modulus HL-2-mNZR
= 394
[-™
S
= 364
-
=1]
g
£ 33
w
-
=5 30
.
=
= z

27 +- —&— Flexural strength HL-2-tNZR

—*— Flexural strength HL-2-mNZR |

650

600

- 550

- 500

450

400

T T T T T T
0.0 0.5 1.0

1.5 2.0 25 3.0
Weight % of filler

Figure 5 B.2 Variation of flexural strength and flexural modulus

of both m- ZrO, and t- ZrO, composites

An increasing trend is observed in the flexural strength and flexural
modulus with increase of NZR content till 2 wt % for both the cases and
thereafter a slight decrease is noted. Enhancement in flexural strength by
46% is achieved by the addition of 2wt% m- ZrO, and 50% for tNZR. Here
modulus increases by 52% for m- ZrO, composites and 54% for t- ZrO,
composites. Better filler dispersion and effective interaction of nanoparticles
results in behavior at this particular level of filler loading. At higher
particulate loadings, nanoparticles tend to form agglomerates and aggregates
leading to diminished physicals, still better than that for the neat blend. The

better development in flexural properties strongly supports the enhanced

load bearing capacity of the composites.
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5.B.3.1.3 Impact strength

Impact strength denotes the ability of the composite to resist the
fracture under stress applied at high speed. The notched izod impact
strength of the composites is represented in Figure 5.B. 3.

[ZZZZ] HL-2-tNZR
B HL-2-mNZR

14

-
N
1

Impact strength (kJ/mz}
s

-]
1

0.0 0.5 1.0 1.5 2.0 A 3.0
Weight % of filler

Figure 5 B.3 Variation of impact strength of both m-ZrO, and
t-ZrO, composites

The effect of both m-ZrO, and t- ZrO, on the notched izod impact
strength values of HL-2 blends is particularly of great interest; the
nanocomposite achieved about a 33%, enhancement in impact strength
compared to pure blend for m-ZrO; filler at 1.5 weight % loading and 46%
for t-ZrO, loading at the same composition. The impact properties of a
material, especially a polymer is directly proportional to the overall
toughness of that material. Application of rigid fillers to toughen polymers
has also been received ample attention [34]. This states that when a
nanocomposite is under impact loading, the interfacial region resists crack

propagation more effectively than the neat polymer matrix. This is due to
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the large surface area provided by the nanoparticles and its improved
dispersion in the polymer matrix. At higher NZR loading the nanoparticles
form aggregates and these act as points of stress concentration where cracks
get initiated and the critical crack size increases that cause composite failure.

5.B.3.1.4 Surface hardness (Shore D)
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Figure 5 B.4 Variation of Surface hardness values obtained
from a hand operated durometer of both m-ZrO,
and t- ZrO, composites

The hardness value indicates the ability of a material to stand firm
to the local surface deformation and it stands for the degree of
compatibility. There is a substantial rise in hardness with the addition of
both NZR loadings. The enhancement in hardness by the addition of NZR
is due to the inherent characteristics of the ZrO, particle; it possesses
strong inter atomic ionic bonding, resulting in desirable material
properties. The increased confinement of PE chain in the nanocomposites

also contributes to the hardness. In the case of matrix reinforced with
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nanoparticles, the size of the nanoparticles around ~10nm is comparable

with average random coil size (~10nm) of polymers [35].

5.B.3.2 FTIR spectroscopy

Figure 5 B.5 shows the FTIR spectra of the HL-2 blend, NZR, and
the HL-2-2-mNZR composite.
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Figure 5 B.5 FTIR analysis of HL-2-mNZR composites

The strong peaks at 2912 and 2848 cm™ represent the symmetric and
asymmetric -C-H stretching modes of the -CH, groups in the PE blend.
Weak bands around 1464cm™ and 3429cm™ indicate -C-H deformation
and skeletal -C-H stretching frequency respectively. The weak bands around
1200-800 cm™ correspond to the C-C stretching frequency. The characteristic
peaks of m-ZrO, as explained in chapter 3 and also the peaks of pure HL-2
blend remain unaltered in HL-2-2mNZR composite, which suggests there
exist mechanical interlocking (physical interaction) between the filler and the

matrix.

Tailoring HMHDPE/LLDPE blend for High Performance Applications: Role of Nanozirconia, Silica nanofibers



Chapter 5

5.B.3.3 Microstructure analysis
5.B.3.3.1 SEM analysis

Morphological analysis of tensile fractured surfaces of neat HL-2
blend and HL-2-2mNZR and HL-2-2tNZR composites are given in
Figure 5 B.6.

20kV X1,500 10pm 0000 11 49 SEI

20kV X1,500 10pm 0000 13 53 SEI

Figure 5 B.6 SEM images of tensile fractured surfaces of (a) HL-2 (b) HL-2-
2mNZR and (¢) HL-2-2tNZR

SEM is a significant measure of the morphological changes of PNCs.
It can be seen in Figure 5 B. 6 (a) that for tensile fractured surface, neat
HL-2 blend exhibits a relatively smooth surface with occasional valley
patterns with several voids. These voids may adversely affect the
physicomechanical properties of the matrix polymer. Fractured specimen
of HL-2-2mNZR composites [Figure 5 B.6 (b)] supports that when the
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filler (m-ZrOy) is added; the fine, porous particles will occupy the voids
uniformly, providing more reinforcement to the base polymer. The failure
surface of the composites shows signs of higher energy absorption by the
presence of irregularities (dark and bright regions) and wavy texture. Thus
the improved homogeneity increases the tensile and flexural properties.
This result is in complete agreement with the observed mechanical
properties. Figure 5. B 6(c) is the SEM images of tensile fractured surface
of HL-2-2tNZR composite which show that the surface is much rougher
compared to neat HL-2 matrix with larger number of undulations and there
is a drastic reduction in micro voids. The increased ductility is an
indication of good interaction of t-ZrO, particles with the HL-2 matrix.

P

20kv  X5,000 Spm 0001 11 50 SEI 20kV  X5,000 S5um 0001 1146 SEI

20kv  X5,000 5um 0001 11 46 SEI

Figure 5 B.7 SEM images of impact fractured surfaces of (a) HL-2 (b) HL-2-
2tNZR and (c) HL-2-2mNZR
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The SEM micrographs of the impact fractured surface for the pure blend
and the composites are shown in Figure 5 B.7 (b) and (c). Considerable
difference is noticed between failure surface of neat blend and that of the NZR
composite system. On the addition of NZR, the failure surface becomes rough
which indicates that the crack propagation is difficult and there is increased
energy absorption. Hence the crack propagation follows a much difficult track

for failure and leads to high strength.

5.B.3.3.2 TEM analysis

Figure 5 B.8 present a general sight on the dispersion of t-ZrO,
nanoparticles in the HL-2 matrix. TEM bright field images of 2 weight %
t-ZrO; in the HL-2 matrix are shown in Figure 5 B.8 (a) and (b).

(b) PE matrix

Nano t-ZrO, aggregates

Clusters of Nano t-ZrO, particles

50 nm

Figure 5 B.8 Bright field TEM images of HL-2-2tNZR nanocomposite at
different magnifications. (a) and (b) showing PE matrix and
dispersed t-ZrO, nanoparticles in the matrix along with
some aggregates, well dispersed individual spherical t-ZrO,
nanoparticles in the PE matrix are seen in (c) and (d)
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The dark phase indicated by red arrows is the filler and the bright
phases denoted by blue arrows are the PE matrix phase. TEM micrograph
of the nanocomposite evidenced that the t-ZrO, nanoparticles are randomly
dispersed in the polymer matrix. Highly magnified TEM micrographs
[Figure 5 B.8 (c) and (d)] clearly depict the well dispersed spherical t-ZrO,
nanoparticles in the PE matrix.

5.B.3.4 Melt rheological analysis
5.B.3.4.1 Melt flow index (MFI)

Figure 5 B.9 shows the variation of the melt flow index of HL-2

blend upon NZR loading.

I HL-2-mNZR
B HL-2-(NZR

0.120 -

0.115 1

0.110

Melt flow index (g/10 min)

00 05 10 15 20 25 3.0
Weight % of filler

Figure 5 B.9 Variation of MFI of HL-2-NZR composites with
m-ZrO; and t-ZrO; loading
It is evident that the incorporation of both types of NZR to HL-2
blend decreases the MFI values of the composites. Low melt flow index
indicates higher melt viscosity of matrix. The addition of NZR to the

blend increases the viscous as well as elastic response of the system due to
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better filler-matrix interaction. Also, when solid particles are present in the
matrix, they restrict the melt movement by increasing viscosity, which
implies the hardening effect of the filler [36]. The melt flow index (MFI)
also throws light on the degree of chain entanglement of the polymer via
formation of physical or chemical cross links [37]. The low melt flow
indices at higher concentration of the fillers are apparently due to the
increased entanglement of the polymer chains of HL-2 blend and the filler.
The results are in good agreement with the identified ability of the filler to
increase the intermolecular forces between the polymer chains via physical
bonds and also to restrict chain mobility by the presence of these filler in

the vicinity of the polymer chains.

5.B.3.4.2 Dynamic rheological analysis (DRA)

Rheological properties of polymer are very sensitive to the variations
of polymer composition and structure. For HL-2-NZR composites the
molten HL-2 matrix, solid NZR particles can each have appreciable effect on
the rheological behavior of the composite materials. Figure 5 B.10 shows the
complex viscosity, storage (G'), loss (G") moduli and tan 6 as a function of
frequency for neat HL-0, LH-O, HL-2 blend and the HL-2-2mNZR
composites. First, it can be noted that the addition of m-ZrO, marginally
improves storage modulus and loss modulus than HL-2 matrix in the entire
frequency range. The HL-2-mNZR composites exhibit significantly higher
storage and loss modulus than LH-0 but much lower values than HL-0 at
lower frequency region. These observations are in consistent with the
result obtained by M. Zhang and U. Sundararaj for LLDPE/PEMA/clay
system [38]. Both storage and loss modulus gradually approach those of

LH-0 and HL-0 at high frequency region.
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Figure 5 B.10 Rheological observations of HL-2-2mNZR composites
(a) Variation of complex viscosity as a function of frequency
(b) Variation of storage modulus as a function of frequency
(c) Variation of loss modulus as a function of frequency and
(d) Variation of tand as a function of frequency

Figure 5 B.9 (a) shows logarithmic plots of complex viscosity versus
frequency for neat LH-0, HL-0, HL-2 blend and HL-2-2mNZR
nanocomposites. Complex viscosity of the nanocomposite has slightly higher
value over entire frequency region, while that has lower value than HL-0 and
higher value than LH-O at lower frequency region. The enhancement in
complex viscosity of the nanocomposite at lower frequency region clearly
indicates enhanced interaction between the filler and the HL-2 matrix by
interfacial reactions in the melt. These results are in accordance with what was

already observed for other similar systems [39-42].
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The variations of storage modulus (G'), loss modulus (G™) with
frequency for the pure polymers, blend as well as blend containing t- ZrO,

are shown in Figure 5 B.11 (b) and (c).
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Figure 5 B.11 Rheological observations of HL-2-2tNZR composites
(a) Variation of complex viscosity as a function of frequency
(b) Variation of storage modulus as a function of frequency
(c) Variation of loss modulus as a function of frequency and
(d) Variation of tand as a function of frequency

The composite prepared at uniform melt compounding conditions
and contain 2 weight% t-ZrO,. A slight improvement is observed for the
nanocomposites for the storage and loss modulus than pure blend at lower
frequency region, as observed in the case of composites containing m-ZrO,

loading.
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Figure 5 B.11 (a) shows the variations of complex viscosity with
frequency on a log scale for the pure polymers, blend as well as the blend
nanocomposites containing 2 weight% t-ZrO,. As it can be seen, for all
nanocomposites, complex viscosity is decreasing with increasing frequency.
For composite containing t-ZrO,, the complex viscosity is above that of
pure blend. This is attributed to particle-particle interaction as an important
parameter in increasing the viscosity. The improvement in complex
viscosity than the blend indicates more filler-matrix interaction and better
dispersion of t-ZrO, particles in the polymer matrix.

From these observations it can be clearly observed that both m-ZrO,
and t-ZrO,composites have lower complex viscosity, storage modulus as

well as loss modulus than HL-2 matrix can be easily processable.

5.B.3.5 Thermal properties

5.B.3.5.1 Thermogravimetric analysis

100 4
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Figure 5B.12 Thermogram of (a) HL-2-mNZR composites and
(b) HL-2-tNZR composites

TGA was performed on neat HL-2 blend and NZR filled HL-2
composite to study the effects of NZR on the thermal stability of the

composite. The TGA results of the m-ZrO, nanocomposites are shown in
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Table 5.1. Figure 5. B.12 (a) shows weight loss vs temperature curve for
the m-ZrO, nanocomposites. All the nanocomposites have improved
thermal stability than that of virgin HL-2 blend matrix. Degradation of
pristine HL-2 blend starts at 426 °C. This is mainly due to pyrolysis of
polymer chains. On addition of m-ZrO,, degradation of the composite
shifts to a higher temperature compared to neat blend. This indicates that
there is a good interaction between the PE matrix and m-ZrO, nanofillers.
There is considerable enhancement in Tonet (Onset thermal degradation
temperature), T1o (temperature for 10% mass loss) and Tso (temperature for
50% mass loss) for HL-2-NZR composites with m-ZrO, loading. The
incorporation of a low concentration of m-ZrO, promotes thermal stability,
increasing the degradation temperature by about 23 °C at 3 weight%. Since
zirconia is a thermally stable ceramic material, the rigid and hard nano m-
ZrO, particles act as barriers arresting volatile degradation of polymer
matrix. Incorporation of nanozirconia reduces the chain mobility of the
polymer matrix by generating numerous restriction sites which reduces the
intrinsic thermal vibration of skeletal C—C bonds [43-45]. This results in
high demand of thermal energy for the decomposition of polymer matrix
which in turn enhances the thermal stability. Char formation, which act as
a physical barrier between the polymer and the superficial zone where the
polymer combustion is taking place also enhances the thermal stability by
limiting the entry of oxygen [46]. Finally, the residues of the m-ZrO, based

composites are in good agreement with their initial composition.
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Table 5.1 Thermal properties of HL-2-mNZR nanocomposites

m-ZrO, Temperature at different mass .
content losses (°C) Peak max  Residue at
(Wt%) Tonst T 1o T (Tmae °C) 600°C (%)
0 426 448 483 491 0.08
0.5 436 448 484 492 0.64
15 444 457 488 495 1.70
25 448 463 492 498 2.24
3 449 465 493 499 3.10

Figure 5 B.12 (b) represents the thermogram of neat HL-2 blend and
(b) HL-2-tNZR composites and the results are tabulated in Table 5.2.

Table 5.2 Thermal properties of HL-2-tNZR nanocomposites

t-ZrO, Temperature at different mass

content losses (°C) Peak max Resiod erat
(Wt%) Tonset T10% Teon (TmaXy C) 600 °C (A))
0 426 448 483 491 0.08
05 434 450 483 493 0.66
1 437 457 488 494 1.0
15 445 458 489 494 1.70
2 449 459 491 496 2.24
3 450 461 492 450 3.4

As in the case of m-ZrO, composites addition of t-ZrO, improves the
thermal stability of neat HL-2 blend. By the addition of 3 weight % of
t-ZrO,, the temperature at which maximum degradation (Tmax) takes place
is increased by 23 °C for HL-2 matrix. Temperature required for weight
loss at different percentage is higher for the HL-2-tNZR composite
compared to neat HL-2 blend at all stages of degradation. The enhanced
stability as in the case of HL-2-mNZR composites can be explained by the

restricted mobility of polymer chains due to the strong interaction with
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t-ZrO, particles limiting the diffusion of the volatile combustion products
throughout the composites. The residual weight loss is almost proportional
to the initial t-ZrO; content introduced into the composite. Yet again, the
improvement of the thermal stability is unaffected by the nature of filler
(whether it is monoclinic or tetragonal) dispersed in the polymer matrix.

5.B.3.5.2 Differential Scanning Calorimetry

DSC is used for studying the crystallization characteristics of
polymers and their composites. The effect of size and morphology of the
zirconia fillers on Tr, and crystallinity of HL-2 matrix was evaluated. DSC
cooling and heating curves of neat HL-2 blend and 2 weight% loaded m- ZrO,
and t- ZrO, nanocomposites are shown in Figure 5.B.13. The crystallization
temperature (T.), apparent melting temperature (T,), corresponding
enthalpies (AH. and AH.) and percentage crystallinity (y o) of the

composites and the neat blend are given in Table 5.3.
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Figure 5 B.13 Non-isothermal crystallization studies (a) Cooling (b) Melting
behavior of HL-2-mNZR and HL-2-tNZR composites
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Table 5.3 Non-isothermal crystallization characteristics of HL-2-NZR

composites
Tm AH; T, AH,
Sample ) . o
P (©  @lg (0 gg)  *= )
HL-2 133 145 109 162 61.86
HL-2-2mNZR 130 148 111 138 63.19
HL-2-2tNZR 131 137 115 137 58.4

DSC shows no remarkable change in Tn. At the same time, T is
slightly improved. This confirms weak nucleating effect of NZR on HL-2

matrix.

5.B.4 Conclusions

HL-2-NZR nanocomposites were fabricated by incorporating NZR
into the PE matrix through melt mixing followed by injection moulding.
The NZR fillers used differed in size, crystalline phase, morphology and
specific surface area. Static mechanical, rheological and thermal properties
of m-ZrO, and t- ZrO; reinforced nanocomposites were analysed. The HL-2-
MNZR nanocomposites with 2 weight% m-ZrO, loading showed an
enhancement of 38% in tensile strength, 43% in tensile modulus, 46% in
flexural strength and 52% in flexural modulus compared to pure matrix.
While HL-2-tNZR nanocomposites furnished an improvement of 33% in
tensile strength, 53% in tensile modulus, 50% in flexural strength and 54 %
in flexural modulus at 1.5weight % t-ZrO, loading. Impact strength shows a
33% and 46% improvement at 1.5 weight % m-ZrO, and t-ZrO, filler
addition. The entanglement between the polymer chains and the porous
nanozirconia was substantiated by the FTIR studies and MFI analysis.
Morphological characterization by SEM on the fractured surface of the

nanocomposite shows the better dispersion and interfacial addition of both
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types of NZR in the HL-2 matrix and is correlated with their mechanical
performance. With the inclusion of NZR into the HL-2 matrix the thermal
stability has been drastically increased, as evidenced from the TGA analysis.
Thus, HL-2 blend matrix can be considerably reinforced by the
incorporation of small amounts of zirconia nano fillers even without any
surface modification. Both types of NZR fillers act as a weak nucleating
agent for HL-2 matrix. The study also proves that the addition of NZR has a
salutary effect on the thermo mechanical properties of PE matrix. Regardless
of the zirconia nanofillers properties, the rheological properties are also
modified. Both types of fillers gave a similar enhancement of the composite
feature. The results give credence to the dependence on NZR dispersion for

any significant improvement in properties.
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FIBRILLAR NANOSILICA REINFORCED
HMHDPE/LLDPE BLEND: PREPARATION AND
EVALUATION OF NOVEL NANOCOMPOSITES

Part A
HMHDPE/LLDPE /CGS nanocomposites

Part B
HMHDPE/LLDPE /PGNS nanocomposites

Part C
HMHDPE/LLDPE /BMSnanocomposites

Part A

HMHDPE /LLDPE /CGS NANOCOMPOSITES

Nanocomposites of 80/20 HMHDPE/LLDPE blend reinforced with silica
nanofibers isolated from Indian grass (CGS) were fabricated through melt
mixing in a Thermo Haake rheocord mixer. CGS was isolated from a
renewable source by a cost effective route. The mechanical, morphological,
rheological and thermal properties of the nanocomposites have been
evaluated. Mechanical properties are improved with the incorporation of CGS
fibers without any surface modification of both the filler and the polymer
matrix. Morphological analysis of tensile fractured surface of the
nanocomposite reveals that the silica fibers are well dispersed and distributed
as individual fibers in the polymer matrix. FTIR analysis confirms that there is
no chemical interaction between the filler and the matrix. TGA analysis shows
that thermal stability of the nanocomposites increases with increasing CGS
content. DSC analysis suggests a weak nucleating effect of the filler.

Tailoring HMHDPE/LLDPE blend for High Performance Applications: Role of Nanozirconia, Silica nanofibers



Chapter 6

6.A.1 Introduction

Nanotechnology is currently a subject of much research and study,
and as a result it is developing rapidly. It has great potential for producing
improvements and innovations in many areas of life, with benefits of
cleaner, faster and safer manufacturing, quicker and smaller device
fabrication, increased life of products. The rapid expansion of nanoscience
and nanotechnology can be seen from its diverse fields of applications in
the physics, biology, engineering, chemistry and computer science [1].

Polymer nanocomposites (PNC) offer the possibility for new patterns
in material properties. PNC is a class of hybrid materials consisting of an
organic polymer matrix with dispersed inorganic nanofillers embedded in
it. The fillers have at least one dimension in nanometer range. Modification
with nanofillers results in spectacular improvement in performance at low
filler loading without sacrificing the processability of the polymer
detrimentally [2, 3].

Among various nanofillers, two of the most extensively investigated
particulates are layered silicates and carbon nanotubes. Recently, growing
consideration is being paid to low aspect ratio fillers like nanosilica,
nanoalumina, nano hydroxyapatite because of their immense applications
and low cost. PNC based on nanofillers isolated from natural material have
attracted a great deal of interest in fields ranging from the scientific
community to the industry because of their renewable origin [4,5]. Natural
fillers like natural fibers, fly ash, wood ash, rice husk ash and sawdust offer
comparable or superior properties than the commercial fillers such as

precipitated silica, carbon black and talc [5, 6].
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Recently, nanosilica has received a great deal of importance in
various fields. Especially much attention was given to their use in
biomedical field for different applications like separation and adsorption of
protein, molecular imaging, nucleic acid detection, drug delivery, gene
therapy, and for the preparation of scaffolds [7-10]. Nanosilica particulates
are used for regenerative medicine applications and tissue engineering
[10]. For large scale industrial applications, enormous quantity of
nanosilica is needed. The synthetic method is energy extensive and costly;
therefore development of an economically viable method to fabricate
nanosilica from a silicon-containing biomass material has become
inevitable. Silica has long been known to be present in plants; it is one of
the macro nutrients in plants, which exist in opal phytolith or silica
phytolith. Some agricultural residues are sources of silica and silica-based
materials, including silicon, silicon nitrite, silicon carbide, and zeolite [7,
11, 12]. In continuing attempts to reduce processing cost and time, many
authors have published the use of rice husk as a raw material for producing

silica nano particles [13-16]

Polyolefins polymer blends are important matrix materials for the
fabrication of polymer nanocomposites owing to their wide spectrum of
specific applications [2]. A vast number of blends of polyolefin have been
used in agricultural and packaging industries in the form of extrudates.
Among polyolefins or polymer blend nanocomposites, polyethylene plays
a major role because of their good mechanical properties, high chemical
resistance and low cost. Mechanical properties of HDPE/HA
nanocomposites have been investigated by K. Li and S. C. Tjong [17].

Panaitescu et al. investigated the effect of SiO, and AlLOs; on
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polyepropelene (PP) and they found considerable change in morphological,
mechanical and electrical properties of PP [18]. The effects of synthetic
boehmite alumina (BA) on the morphology, thermal, thermo oxidative and
rheological behavior of polyethylenes like LDPE and HDPE was
extensively studied by Khumalo et al. They found that BA does not
influence the crystallization and rheological properties of HDPE and LDPE
but work as a powerful thermo oxidative stabilizer for LDPE and HDPE
[19]. The flexural strength modulus and yield strength of PP was improved
by the incorporation of nanoCaCOj; [20].

The blends of high molecular weight high density polyethylene
(HMHDPE) and linear low density polyethylene (LLDPE), with short
chain branching has been reported as miscible polymers. However their
properties can be modified with the incorporation of isolated nano fibrous
silica. Lu et al. demonstrated the effect of fiber characteristics and polymer
melt flow index on the mechanical properties of sugar cane fiber/HDPE
composites [21]. Different fibers had a variable performance on HDPE
matrix due to their specific fiber characteristics. The reinforcing effect of
cellulose nanofibers in different polyethylene matrices like LDPE, LLDPE
and PP was studied by Navin Chand et al.[22].

In the present study, 80/20 blend of HMHDPE/LLDPE is proposed
to reinforce with fibrous nano silica from the tip of Indian grass (CGS).
The objective of the study is to upgrade HMHDPE/LLDPE blend using
unmodified nanosilica thus to make the composite suitable for high
performance applications. The modification of HMHDPE/LLDPE blends
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with CGS is anticipated to generate a variety of morphology and improvement

in mechanical properties.
6.A.2 Methodology
The polymers used for the study are discussed in Chapter 2.

6 A.2.1 Preparation of HL-2 CGS nanocomposites

HMHDPE and LLDPE granules were placed in an air oven set at
100°C for four hours to remove any moisture present and were then
allowed to cool to room temperature in a desiccator. 80% HMHDPE/ 20%
LLDPE (HL-2) were blended with 0.5, 1, 1.5, 2, 2.5, 3 weight% of the
isolated silica fibers CGS. The blends containing 0 weight % filler is
designated as HL-2. The blend containing different dosages of CGS were
designated as HL-2-XCGS, where X is 0.5, 1, 1.5, 2, 2.5, 3 weight% of
CGS (e.g., HL-2-0.5CGS) For the fabrication of polymer blend
nanocomposites the polymer pellets were fed into the mixing chamber of
Thermo Haake Rheomix Poly Lab system equipped with roller type rotors
operating at 50 rpm at a temperature of 160°C. After 2 minutes of mixing,
required quantities of CGS were added to the melted and homogenized
polymer mix. A time of 6 minutes was allowed for complete the mixing.
To ensure proper mixing, the torque in the Haake mixing chamber was

stabilized in all the batches.

The samples were injection moulded and characterized. The
detailed description of the characterization techniques are discussed in
Chapter 2.
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6.A.3 Results and discussion
6.A.3.1 Mechanical properties
6.A.3.1.1 Tensile properties
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Figure 6 A.1 Tensile properties of HL-2-CGS composites with CGS loading
(a) stress-strain curves (b) variation in tensile strength and
tensile modulus

The stress-strain curves of neat HL-2 blend and the corresponding

CGS composites are given in Figure 6 A.1(a) and Figure 6 A.1(b)
respectively. The strength and modulus of the composites improve with the
incorporation of silica fibers to the HL-2 matrix. All the composites show a
tensile yield point after which the strength drops. The maximum tensile
strength was obtained at 2 weight % CGS loading 13% improvement and
that too without any surface modifications of either the filler or the matrix.
The improvement in tensile properties may be due to the sacrificial bearing
of the appied stress by the fibrous filler and the distribution of it evenly
throughout the matrix, which in turn delay the rupture of the material. The
decrease in tensile strength beyond the optimum filler loading may be due
to the agglomeration of CGS fibers. As expected, irrespective of the filler

concentrations, tensile modulus was increased with increase in filler
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dosage, since hard and rigid fillers have a tendency to restrict the mobility
of polymer chains [23]. Elongation at break drops off with increasing CGS
content, because in addition to filler-matrix interaction, addition of

nanofillers moderately reduces the maximum strain [24].

6.A.3.1.2 Flexural properties
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Figure 6 A.2 Variation of flexural strength and flexural
modulus with CGS loading

As shown in Figure 6 A.2 both flexural strength and flexural modulus
increased upto 2weight % CGS addition and there after decreased. Here
flexural strength increased by 31% while flexural modulus was increased
by 22%. This observation underlines the percolating behavior of the filler
at this composition, due to the effective dispersion and distribution of
fibrous CGS filler in the matrix. The enhancement in flexural properties

confirms the superior load bearing capacity of HL-2-CGS nanocomposite.

6.A.3.1.3 Impact strength

Tailoring HMHDPE/LLDPE blend for High Performance Applications: Role of Nanozirconia, Silica nanofibers



Chapter 6

16

CGS Composites

14 4

12

10

Impact strength (KJ.’mz)

8 T T T T T T
0 0.5 1 1.5 2 2.5 3
Weight% of filler

Figure 6 A.3 Variation of impact strength of HL-2-CGS composites

The effect of fibrous silica on the notched impact strength of HL-2-
CGS composites with increasing CGS loading is given in Figure 6 A.3.
The impact strength increases with CGS addition, reaches a maximum and
decreases thereafter. The improvement in impact strength may be
attributed to the improved interaction between fibrous filler and the matrix,
which inturn helps in superior stress transfer. Thus the fibrous filler hinder
the crack path produced upon impact.Similar observation was obtained for
glass fiber reinforced nanocomposites where the fibers arrest crack
propagation and act as a medium for effective load transfer [25, 26].
A maximum of 40% improvement in impact strength was observed at
1 weight % CGS loading. However, at higher filler loading, impact strength

decreased since the agglomerates obstruct the efficient stress transfer.

6.A.3.1.4 Hardness
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Figure 6 A.4 Variation of surface hardness of HL-2-CGS composites

Variation of surface hardness with CGS loadings is shown in Figure
6 A.4. Hardness of the composite material indicates the ability of a material to
stand firm during local surface deformation. Hardness is also a measure of
degree of compatibility. A regular improvement in hardness was observed for

CGS addition, confirming the enhanced reinforcing effect of the filler.

6.A.3.2 FTIR Spectrum
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Figure 6 A.5 FTIR analysis of (a) HL-2 blend, (b) CGS and
(c) HL-2-2CGS composite

Figure 6 A.5 shows the FTIR spectrum of HL-2 blend, pure CGS,
and the HL-2-2CGS composite. The characteristics peak of polyethylene
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was observed in both neat HL-2 blend as well as in the composite. Weak
band [Figure 6 A.5 (a)] around 1464 cm™ and 3429 cm™ indicate —C-H
bending and skeletal —C-H stretching respectively. The strong peaks at
2910 cm™ and 2848 cm™ in Figure 6 A.5 (a) represent the symmetric and
asymmetric —C-H stretching modes of the —CH; groups in the PE blend.
The weak bands in around 1200 — 800 cm™ correspond to the C-C
stretching frequency. The characteristic peaks of CGS and pure HL-2
blend remain unaltered in HL-2-2CGS composite, which shows that there
is no chemical interaction between the filler and matrix.

6.A.3.3 Microstructure analysis
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Figure 6 A.6 SEM images of tensile fractured surfaces of (a) HL-2 blend
(b), (¢) and (d) HL-2-2CGS composite at different magnifications
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Figure 6 A.6 reveals the microstructure analysis of the tensile
fractured surface of the neat blend and the HL-2-2CGS composite. The
fractured surface of neat HL-2 blend shows a number of voids. An entirely
different morphology was observed in the SEM images (Figure 6 A.6 (b),
(c), and (d)) of the composite. At higher magnification of the composite,
semi tubular CGS fiber bundles [as discussed in chapter 4, Figure 4.6 (a)
and (b) and Figure 4.12 (a) and (b)] were found as woven individual nano
fibers. The debundling of CGS fibers may have occurred during the melt
mixing stage, with an individual fiber width of approximately 70 nm.
Pictorial representation of the fabrication of CGS nanocomposite is shown
in Scheme 6 A.1.

individual silica nano fiber

Coiled polyethylene chains

Shear{teme.

HL-2 matrix

CGS - Semi tubular
fiber bundles of silica

Micro structure of HL-2-2 CGS composite

Scheme 6 A.1: Pictorial representation of the preparation of HL-2-2 CGS
composite
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Figure 6 A.7 SEM images of impact fractured surfaces of (a) HL-2
(b) HL-2-1CGS

The SEM micrographs of the impact fractured surface for the pure
blend and the composite loaded with 1 weight % CGS are given in Figure
6 A.7 (a) and (b). Significant difference was noticed between failure
surface of neat blend and that of the composite. With the addition of CGS,
the failure surface became rough and show evidences of increased energy
absorbtion. The tedious crack propagation path in the composite may be
attributed to the energy absorption mechanisms like crack pinning and

crack arresting, which in turn leads to high strength.

6. A.3.4 Melt rheological analysis
6. A.3.4.1 Melt flow index (MFI)

The effect of CGS in the melt flow of HL-2-CGS composite is given
in Figure 6 A.8. A marginal decrease in the MFI indicates a higher
viscosity of the melt due to CGS loading. The results also substantiate the
better interaction of the fibrous filler with the polyethylene matrix. The
improved interaction of fibrous CGS with the polymer matrix restricts

chain mobility and decreases the flow rate.
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Figure 6 A.8 Variation of MFI of HL-2-CGS composite with
CGS loading

6.A.3.4.2 Dynamic rheological analysis (DRA)

Polymer rheological properties are extremely sensitive to the
variations of polymer composition and structure. Generally in the case of
polymer nanocomposites, a noticeable increase in the melt viscosity is
observed atleast in the low frequency region. In thermoplastic
nanocomposites a pseudo solid-like transition is usually observed due to
the dispersed nanoparticles in the matrix. Furthermore the enhanced
interaction between nanoparticles and polymer molecule will obstruct the
mobility of the polymer chains, boost up the friction between the polymer
molecule and the filler particles which in turn enhances both elasticity and

viscosity of the composite [27-29].
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Figure 6 A.9 Rheological observations of HL-2-2CGS composite
(a) Variation of complex viscosity as a function of frequency
(b) Variation of storage modulus as a function of frequency
(c) Variation of loss modulus as a function of frequency and
(d) Variation of tand as a function of frequency

In HL-2-CGS composites, the molten HL-2 matrix and solid CGS

particles can each have appreciable effect on the rheological behavior of

the composite materials. Figure 6 A.9 (a), (b), (c) and (d) shows complex

viscosity, storage modulus (G'), loss modulus (G") and tan d as a function
of frequency for neat HL-O, LH-0, HL-2 blend and the HL-2-2CGS

composites respectively. From the figure, it is clear that there is noticeable

improvement in the complex viscosity, storage modulus and loss modulus

(176 |
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of the composite compared to the neat blend. But these values were still
lower than the pure HL-0. This clearly shows that the nanocomposites
offer better processability than the pure HL-0. The improvement in
dynamic rheological properties gives credence to the fact that there is fine
dispersion of CGS filler in the matrix with a strong interaction between
them. Dorigato et al. also have reported similar observations for micro and
nano silica reinforced LLDPE composites [29].

6.A.3.5 Thermal properties
6.A.3.5.1 Thermo gravimetric analysis

Thermal stability and degradation characteristics of polymers and their
composites have been studied for the better selection of suitable processable
conditions and applications [30-32].
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Figure 6 A.10 Thermogram of HL-2-CGS composites
Figure 6 A.10 shows the thermogram of neat HL-2 blend and
HL-2-CGS composites. Tonset, Tmax, T10, Tso Values (onset degradation

temperature, maximum degradation temperature, temperatures at which 10
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and 50% weight loss respectively, are achieved) and residue at 600°C of
the composites are tabulated in Table 6 A.1.

Table 6 A.1 Thermal analysis of HL-2-CGS composites

CGS Temperature at different mass )
content losses (°C) Peak max ResLd ueoat
(Wt%) Tonset T10% Ts00% (Tmax, C) 600 °C ( /0)

0 426 448 483 491 0.08
0.5 433 452 485 492 0.6
15 440 454 486 493 1.61

442 458 488 494 2.2
3 446 460 490 497 3.07

With the addition of 0.5 weight % CGS, the onset degradation
temperature (Tonset) OF the blend was increased by 7 °C. Temperature
required for 10 and 50% weight loss was higher for the HL-2-CGS
composite compared to the neat blend. The enhanced thermal stability may
be due to the restricted mobility of polymer chains because of the strong
interactions with the fibrous silica particle (CGS) [33], which limit the
diffusion of the volatile degradation products from the composites. The
residual weight loss was comparable to the increment in the CGS content

in the composite.

6.A.3.5.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is the most widely accepted
technique for studying the crystallization characteristics of polymers and
their composites. DSC analyses were used to evaluate the effect of size and
morphology of the silica fibers on melting temperature and crystallinity of

HL-2 matrix. DSC cooling and heating curves of neat HL-2 blend and 2
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weight% CGS loaded nanocomposite are shown in Figure 6.A.11. The
crystallization temperature (T.), apparent melting temperature (T,) and the
corresponding enthalpies (AH; and AH,) of the neat blend and the
composites are summarized in Table 6 A.2.

= HL-2 — L2
= =HL-2-2 CGS = =HL-2-2CGS -

exo

endo

(b)
T T T T T T T T I
100 110 120 130 140 150 100 110 120
Temperature (°C) Temperature (°C)

Figure 6 A.11 Non-isothermal crystallization studies (a) Cooling (b) Melting
behavior of HL-2-2CGS composites

Table 6 A.2  Non-isothermal crystallization characteristics of HL-2-CGS

composites
T AH T AH
Sample . M f o & ¢ X, (%
P (0 (g () (3g) « (%)
HL-2 133 145 109 162 61.86
HL-2-2CGS 132 143 110 140 61

There was no remarkable change in T, but a slight change in T, was
observed. This shows that fibrous CGS has a little effect on the
crystallization characteristics of HL-2 matrix. Since there is only a minor
change in the crystallization temperature it may be concluded that CGS acts

as a very weak nucleating agent.
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6.A.4 Conclusions

HL-2-CGS nanocomposites were fabricated by incorporating the
isolated fibrous silica (CGS) into the HL-2 blend through melt mixing.
Static, mechanical, rheological and thermal properties of the CGS
reinforced nanocomposites were analyzed. The HL-2-CGS nanocomposites
with 2 weight% loading showed an increase of 13% in tensile strength,
31% in flexural strength and 22% in flexural modulus compared to pure
matrix without any surface modification in either filler or matrix. A regular
increase in tensile modulus was also noted. Impact strength showed a 40%
improvement at 1 weight % CGS dosage. Absence of any chemical
interaction between filler and matrix was confirmed by the FTIR studies.
Rheological analysis showed better processability for the nanocomposites
than HL-0. SEM analysis of CGS filer revealed bundle fiber morphology
with few micrometers in diameter. Morphological characterization of the
fractured surface of the nanocomposite by SEM shows the debundling of
micrometer sized fibers into individual nanofibers with the application of
shear forces during processing. With the inclusion of CGS into the HL-2
matrix, the thermal stability improves. DSC studies suggest that CGS act

as a very weak nucleating agent due to a slight change in T¢.
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Part B
HMHDPE /LLDPE/PGNS NANOCOMPOSITES

Isolated fibrous silica from Pampas grass flowers (PGNS) was used for the
reinforcement of 80/20 HMHDPE/LLDPE blend. The nanocomposites were
prepared through melt mixing in a Thermo Haake Rheocord mixer. The
mechanical, morphological, rheological and thermal properties of the
composites were evaluated. The mechanical properties improve by the
addition of fibrous silica. The morphological analysis of tensile fractured
surface of the composite shows uniform distribution of the fibrous filler. The
improved interaction between the filler and matrix is established by
rheological analysis. FTIR analysis confirms that there is no chemical
interaction between filler and the matrix. TGA results show an improved
thermal stability for the nanocomposites compared to that of the pure blend.
DSC analysis shows a weak nucleating effect of the fibrous filler PGNS.

6.B.1 Introduction

Polymer nanocomposites are usually prepared by reinforcing organic
polymer matrix with dispersed nanoscale reinforcing materials. With the
introduction of nanofillers, many value added properties are obtained for
the composites without sacrificing the polymer’s inherent advantageous
properties. This enables PNCs to stand firm in engineering and other high
performance applications. PNC based on nanofillers from natural material
have attracted a great deal of interest in fields ranging from the scientific
community to the industry because of remarkable improvement in

properties they can offer to polymers.
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Among various polymers, polyethylene has a major role in plastic
industry, with diversified applications from house hold to aeronautical
sectors as well as in biomedical engineering. Bonefield and co-workers
have extensively studied HDPE-hydroxy apatite composite for bone
implant applications [1-3]. Countless investigations and numerical
modeling studies have been reported on the enhancements in mechanical
properties of nano clay reinforced with elastomers, thermoset resins, and
thermoplastics [4-9].

Significant enhancement in the synergetic effect of both bioactive
and bioinert ceramic fillers like HA and Al,O; on the mechanical and
biocompatibility properties of a bioinert polymer like HDPE has been
demonstrated [10]. The mechanical and antibacterial properties of HDPE
containing silica nanoparticles with immobilized nanosilver and nanocopper

have been investigated [11].

Reinforcing effect of precipitated silica and nanosilica synthesized
from conventional synthesis methods has long been explored. But the
reinforcing effect of fibrous silica in polyethylene matrix has not been
the focus of research till date. Therefore in the present investigation, the
potential of silica nanofibers (PGNS) isolated from Pampas grass
flowers in 80/20 HMHDPE-LLDPE blend (HL-2) is proposed to be

investigated.
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6.B.2 Methodology
6.B.2.1 Preparation of HL-2-X PGNS composites

HMHDPE and LLDPE granules were placed in an air oven set at
100°C for four hours to remove any moisture present and allowed to cool to
room temperature in a desiccator. 80% HMHDPE/ 20% LLDPE (HL-2)
were blended with 0.5, 1, 1.5, 2, 2.5, 3 wt% of the isolated silica fibers
PGNS. The blend containing 0 weight % filler is designated as HL-2. The
blends containing PGNS were designated as HL-2-XPGNS, where X is the
dosage of PGNS used (0.5, 1, 1.5, 2, 2.5, 3 wt%); e.g., HL-2-0.5 PGNS). For
the fabrication of polymer blend nanocomposites first the polymer pellets
were fed into the mixing chamber of Thermo Haake Rheomix Poly Lab
system equipped with roller type rotors operating at 50 rpm set at a
temperature of 160°C. The polymers were melted and homogenized for
2 minutes after which required quantities of PGNS were added. A mixing
time of 6 minutes was allowed to complete the reaction. In all the cases to
ensure proper mixing the torque in the Haake mixing chamber was
stabilized. The hot mix taken from the chamber was immediately pressed in
a hydraulic press and then cut into small pieces. These were then injection
moulded at 170 °C. The characterization of the nanocomposites were done
by appropriate ASTM standards, the details of which are given in section
6.A.2.2
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6.B.3 Results and discussion
6.B.3.1 Mechanical properties
6.B.3.1.1 Tensile properties
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Figure 6 B.1 Tensile properties of HL-2-PGNS composites (a) stress-strain
curves of HL-2-PGNS composites (b) variation of tensile
strength and tensile modulus with PGNS loading

The response of pure HL-2 blend and HL-2-PGNS composites
towards tensile performance is given in Figure 6 B.1. The stress strain curves
of pure blend and the composites are identical in nature. The addition of
PGNS leads to a significant improvement in tensile properties up to 1.5
weight % PGNS loading and was thereafter decreased. 16% improvement in
tensile strength was noticed for HL-2-1.5PGNS composites as compared to
the neat blend. The nano fibrous silica at this composition effectively
transfers the stress throughout the matrix and delays early rupture of the
material. However at higher loading, wettability of the filler with the matrix
decreases considerably due to formation of agglomerates leading to easy
breakage. [12]
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The tensile modulus increases progressively with increasing PGNS
loading. Relative stiffness of the material is indicted by the tensile
modulus. Neilsen has suggested that the addition of rigid fillers would
increase the modulus of the composites since they restrict the mobility of
polymer chains [13]. With increasing filler loading elongation at break
decreases, since under a stress cracks can propagate through weak
interfacial regions leading to composite rupture at lower elongation

values.

6.B.3.1.2 Flexural properties
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Figure 6 B.2 Variation of flexural strength and flexural
modulus with PGNS loading

Effect of PGNS on the flexural properties of the nanocomposites is
presented in Figure 6 B.2. Both flexural strength and flexural modulus
increase upto 1.5 weight% PGNS loading and there after decreases. This
shows that there is optimum interaction between filler and the matrix at 1.5

weight% PGNS loading. Flexural strength and flexural modulus of the HL-
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2-1.5 PGNS composite improves by 26% and 35% respectively as
compared to the neat blend.

6.A.3.1.3 Impact strength
18

PGNS Composites
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Figure 6 B.3 Variation of impact strength of HL-2-PGNS composites

Impact strength of the composite is a measure of the total energy
dissipated in the material before it fails. Figure 6 B.3 shows the variation
of notched impact strength with fibrous silica (PGNS) loading. The impact
strength increases with increase in fiber loading up to 1 weight %. The
impact strength of a polymer nanocomposite depends upon many factors
like stiffness of the reinforcing filler, nature and mode of frictional work
involved in pulling out the fiber from the matrix and character of the
interfacial region. When the composite material is subjected to an impact
stress, a large number of crazes are formed and some of these crazes are
turned into cracks upon further applied stress finally breaking down the

specimen. In HL-2-PGNS composite system the PGNS fibers play a
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significant role in increasing the impact resistance of the composites as
they resist the crack propagation and act as efficient load transfer medium
due to effective interfacial bonding [14]. A maximum of 62%
improvement in impact strength was obtained for the composite at 1
weight% PGNS loading. The reduction in impact strength after 1 weight
% filler loading is due to formation of filler agglomerates in the matrix,
leading to non-uniform stress transfer [15].

6. B.3.1.4 Hardness
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Figure 6 B.4 Variation of surface hardness of HL-2-PGNS composites

Variation of hardness of HL-2-PGNS composites with PGNS
loading is given in Figure 6 B.4. The addition of 3 weight% PGNS
improves the hardness of the composite by 16% as compared to pure
matrix. The increase in hardness may be due to the stiffening of the

composite caused by the incorporation of fibrous silica.
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6.B.3.2 FTIR spectroscopy
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Figure 6 B.5 FTIR spectra

Figure 6 B.5 represents the FTIR spectrum of HL-2 blend, pure
PGNS and HL-2-1.5 PGNS composite. The characteristic peaks of
polyethylene remain unshifted in the composite. The characteristic FTIR
peaks of PGNS were also unshifted in the FTIR spectrum of the composite.
This confirm the absence of any chemical interaction between the filler and

the matrix

6.B.3.3 Microstructure analysis

6.B.3.3.1 SEM analysis

The morphological analysis of the tensile fractured surfaces of neat
HL-2 blend (6 B.6 (a)) and the composite loaded with 2weight % of PGNS
(6 B.6 (b), (c) and (d)) at different magnifications are shown in Figure 6
B.6. The voids seen in the HL-2 matrix are not observed in the SEM

micrograph of the composite. Moreover Figure 6 B.6 (c) and (d) illustrate a
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more homogeneous morphology for the composites which reveals better

stress transfer between the components.

X1,500 10pm 09 50 SEI

X3,000 5pm 09 49 SEI 20kV  X10,000 1um 09 49 SEI

Figure 6 B.6 SEM images of tensile fractured surfaces of (a) HL-2 blend,
(b),(c) and (d) HL-2-2 PGNS composite at different magnifications

The images also show that PGNS fibers are well dispersed in the
matrix. The mechanical interlocking between the fibrous filler and the
matrix is evident from the SEM images of the composite. Scheme 6 B.1
shows the pictorial representation of the transformation of PGNS fiber
bundles into individual fibers (as evidenced from SEM images) under the

application of shear forces during processing.
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Scheme 6 B.1: Schematic representation of the preparation of PGNS
nanocomposite
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Figure 6 B.7 SEM images of impact fractured surfaces of (a) HL-2
(b) HL-2-1PGNS

SEM images of impact fractured surfaces of neat HL-2 blend and the
composite loaded with 1 weight % PGNS are given in Figure 6 B.7. A
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rough morphology with more energy absorbed interfaces is noticed in the
HL-2-1PGNS. These rough surfaces create a tortuous path for the crack

propagation thus increasing the impact strength.

6.B.3.3.2 TEM analysis
Figure 6 B.8 demonstrates the TEM image of the HL-2-2 PGNS

nanocomposite. PGNS nanofibers were found homogeneously dispersed in
the HL-2 matrix with some nanofiber aggregates [Figure 6 B.8 (a) and (b)].
The well dispersed individual silica nanofibers in the matrix are clearly visible
in Figure 6 B.8 (c) and (d). The proposed schematic representation of
fabrication strategy illustrated in Scheme 6 B.1. is well supported by the TEM
micrograph of the nanocomposite shown in Figure 6 B.8.

Fibrous nanosilica aggregates

| _, 3
‘ Nanosilica fiber

Nanosilica fiber —_ PE matrix

Figure 6 B.8 Bright field TEM images of HL-2-2PGNS nanocomposite
(@) and (b) showing PE matrix and dispersed silica nanofibers
in the matrix along with some aggregates (c) and (d) single
nanosilica fiber in the PE matrix
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6.B.3.4 Melt rheological analysis
6.B.3.4.1 Measurement of melt flow index (MFI)
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Figure 6 B.9 Variation of MFI of HL-2-PGNS composite with
PGNS loading

The effect of PGNS loading on the melt flow index is illustrated in
Figure 6 B.9. The result shows that increased PGNS loading furnish a
marginal decrease in MFI. This indicates a nominal increase in the melt
viscosity of the polymer melt upon the addition of PGNS. The addition of
filler increases the elastic as well as elastic response of the system due to
enhanced filler matrix interaction. Moreover, due to the presence of rigid
and hard filler in the polymer matrix results in the restricted mobility of
polymer chains thus amplify the viscosity of the melt. The results are in
good agreement with the identified ability of the filler to increase the
intermolecular forces between the polymer chains via physical bonds,
which also restrict the mobility of polymer chains. The possibilities of the
mechanical inter locking of the CGS and the polymer chains can be best

supported by the suggested Scheme 6 B.1.
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6.B.3.4.2 Dynamic rheological analysis (DRA)
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Figure 6 B.10 Rheological observations of HL-2-2PGNS composite
(a) Variation of complex viscosity as a function of frequency
(b) Variation of storage modulus as a function of frequency
(c) Variation of loss modulus as a function of frequency and
(d) Variation of tand as a function of frequency

Rheological measurements were made in the linear visco elastic region
at a constant temperature of 200°C. Figure 6 B.10 show the complex viscosity,
storage modulus (G'), loss modulus (G") and tan ¢ as a function of frequency
for neat HL-0, LH-0, HL-2 blend and the HL-2-2PGNS composites.
Rheological behavior of the composite has affected by the molten HL-2
matrix and solid PGNS particle. A slight increase in G' and G" is observed

with the addition of PGNS than the neat blend. Also a notable improvement
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for the complex viscosity is also observed. Generally the addition of nano
fillers offer improves G', G" and complex viscosity [16, 17]. It is evident that
by the addition of rigid fillers into polyethylene matrix reduced the flow
ability of polymer, and hindered the disentanglement of the molecular chains
of polyethylene. Moreover fine dispersion of the filler particle thus offers
strong interaction between filler and matrix credit enhancement in complex
viscosity and all other properties of the composite than the blend. Furthermore
from the results it is evident that nanocomposites have lower melt viscosity
than HL-0 depict nanocomposite has good processability.

6.B.3.5 Thermal analysis

6.B.3.5.1 Thermo gravimetric analysis

The thermal data obtained are tabulated in the Table 6 B.1. Onset of
degradation temperature for neat HL-2 matrix is lower than those of its
nanocomposites, demonstrating that the thermal stability of the
nanocomposites has been enhanced because of the addition of PGNS filler.
Further the residual weight of HL-2-PGNS nanocomposites left increases
steadily with the increase of PGNS loading. Peak max temperature and
temperature for the degradation at different weight percentage of the
composites increase with increased PGNS content. Enhancement of thermal
stability of the PGNS composites is attributed to the interaction between the
organic polymer matrix and inorganic filler PGNS where the thermally
stable inorganic filler delays the chain scission of carbon—carbon bond of the
polymer matrix [18]. Moreover presence of the filler hampers the mobility
of the polymer chains and thus delays the degradation [19] Figure 6 B.11

shows the thermogram of neat blend and the HL-2-PGNS composites.
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Figure 6 B.11 Thermogram of HL-2-PGNS composites

Table 6 B.1 Thermal analysis of HL-2-PGNS composites

PGNS Temperature at different mass .

o Peak max Residue at
content losses (°C) (Toae, °C) 600 °C (%)
(Wt%o) Tonset T10% Ts0% e

0 426 448 483 491 0.08
0.5 433 459 484 492 0.7
1 442 456 485 493 1.2
2 443 459 488 495 2.1
2.5 445 460 489 496 2.45
3 446 461 490 497 2.96

In addition to that char produced during the degradation process can
also absorb the heat generated in the degradation and assist to slow down
the overall degradation process. The reduction in MFI of the composites

compared to the HL-2matrix is also suggestive of this.

6.B.3.5.2 Differential Scanning Calorimetry

It is of immense importance to study the melting and crystallization
behavior of neat blend and its nanocomposites since crystallinity and

crystal structures play a major role in the mechanical and other properties
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of crystalline polymers. The mechanical properties of the HL-2 can be
significantly enhanced by the addition of fibrous PGNS, if there is any
change in the crystallization characteristics of the neat blend by the
addition of nanofillers can be well explored by DSC. DSC analyses were
used to evaluate, if any, the effect of size and morphology of the silica
fibers on Ty, and crystallinity of HL-2 matrix. DSC cooling and heating
curves of neat HL-2 blend and 2 weight% loaded PGNS nanocomposite
are shown in Figure 6.B.12.

endo

. s g . T T T T T T
100 110 120 130 100 110 120 130 140 150 160
Temperature (OC) Temperature (°c)

Figure 6 B.12 Non-isothermal crystallization studies (a) Cooling (b) Melting
behavior of HL-2-2PGNS composites

The crystallization temperature (T¢), apparent melting temperature
(Tm), corresponding enthalpies (AH¢) and AHn,, of the composites and the

neat blend are summarized in Table 6 B.2

Table 6 B.2 Non-isothermal crystallization characteristics of HL-2- PGNS

composites
T m AHf T c AHC
Sample . . X (%)
(©) (J/9) (©) (J/9) ’
HL-2 133 145 109 162 61.86
HL-2-2 PGNS 135 146 110 145 62.28
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The addition of PGNS, in general does not alter the crystallinity.
Similar observation has shown by et al. that addition of untreated or
polymer grafted silica nanoparticles does not have considerable effect on
the crystallinity and crystallization temperature of PP [20].

6.B.4 Conclusions

HL-2-PGNS nanocomposites were fabricated by incorporating the
isolated fibrous silica, PGNS into the PE matrix melt mixing followed by
injection moulding. Static mechanical, rheological and thermal properties
of the PGNS reinforced nanocomposites were analyzed. The HL-2-PGNS
nanocomposites with 1.5 weight% loading show an enhancement of 16%
in tensile strength, 26% in flexural strength and 35% in flexural modulus
compared to pure matrix without any surface modification to both the filler
and the matrix. Tensile modulus increases progressively with increasing
PGNS loadings. Impact strength shows a 62% enhancement at 1weight %
PGNS addition. Absence of any chemical interaction is proved by the
FTIR studies. The mechanical interlocking between the polymer chains
and the fibrous filler is clear from MFI analysis and it was confirmed by
morphological investigation through SEM of tensile fractured surface of
the nanocomposite. SEM images also show that PGNS fibers are distributed
well in the matrix without any surface modifications. Thus the enhanced
mechanical performance is well correlated with their morphological
investigations. Rheological analysis confirms better interaction between the
filler and PE matrix. Lower complex viscosity than HL-0 confirms better
processability than HL-0. With the inclusion of PGNS into the HL-2 matrix

the thermal stability has been drastically increased, as evidenced from the
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TGA analysis. DSC studies show the PGNS acts as weak nucleating agent
for PE matrix. The results support the need for good dispersion of fibrous
nanosilica in the blend for any significant improvement in properties.
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Part C

HMHDPE/LLDPE/BMS NANOCOMPOSITES

Nanocomposites based on 80/20 HMHDPE/LLDPE blend (HL-2) reinforced
with silica nanofibers isolated from Bamboo (BMS) was fabricated through
melt mixing in a Thermo Haake Rheocord mixer. The amount of filler was
varied from 0 to 3 weight %. The mechanical properties, thermal stability and
rheological properties of the nanocomposites have been evaluated. BMS
reinforced nanocomposites show considerable improvement in mechanical
properties without any surface modification to both the filler and the matrix.
SEM analysis of the tensile fractured surface clarifies how bundles of fiber in
micrometer range separate into nanofibers and reinforce the HL-2 matrix.
FTIR analysis confirms the absence of chemical interaction between the filler
and matrix. Rheological analysis of the nanocomposite reveals enhanced
interaction between BMS and the HL-2 matrix. Thermo gravimetric analysis
(TGA) shows improved thermal stability of HL-2-BMS nanocomposites. DSC
analysis suggests weak nucleating effect of the filler.

6.C.1 Introduction

Polymer nanocomposites are innovative materials due to their light
weight with significant improvement in properties. With unique properties
and diversified applications, thermoplastics are most extensively used
matrix for polymer nanocomposite preparations. Among thermoplastic
polymers polyethylene plays a major role and occupies the topmost
positions. Depending on the crystallinity, density and molecular weight

polyethylenes are classified into a large number of varieties.
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Many attempts have been done to enhance the properties of
polyethylenes or their blends with nano fillers for specific applications.
Silica containing immobilized nanosilver was used to improve the addition
between maleated HDPE and wood fiber by R. Jezi’ orsaka et al. They
found that silica nanoparticles increase the eleastic and flexural moduli of
wood fiber reinforced HDPE [1]. S. H Lee et al. found that PP containing
MWCNT composites shows drastic improvement in electrical properties [2].
Mechanical properties of LLDPE have been enhanced by the incorporation
of nanoclay as reported elsewhere [3, 4]

Owing to the recyclability and low cost, polymer industry gave
immense attention to natural fibers and industrial byproducts. Since the
end of 20" century, interest has been focused on the applications of natural
fibers like wood fibers and non-wood plant fibers like jute, kenaf and
bagasse, with thermoplastic fibers for the manufacture of natural fiber-
polymer composite for value added products [5-13]. Lu et al. studied the
influence of sugar cane fibers on the mechanical properties of HDPE and
they reported that improved properties were observed by the addition of
sugar cane fibers and it was well influenced by the nature, dimension and
aspect ratio of the fiber [14].

Reinforcing effect of fibrous silica having natural origin on the
properties of PE has not been reported earlier. Bamboo, the fastest growing
grass species and the effect of bamboo charcoal for the synthesis of
multiwalled carbon nanotubes were studied by Jiangtao Zhu et al. and the
role of minerals on the growth of CNTs was also explored [15]. S. Nahar

et al. studied reinforcing effect of bamboo fiber as such on the mechanical
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and interfacial properties of polypropylene (PP) and they compared the
properties of jute fiber reinforced PP [16]. They revealed that bamboo fiber
reinforced PP had higher tensile properties and the degradation studies in
soil showed that bamboo fiber/PP composite retained its original
mechanical properties than jute fiber/PP composite.

In the present study it is proposed to investigate the reinforcing
effect of fibrous silica isolated from bamboo (BMS) on 80/20 blend of
HMHDPE-LLDPE (HL-2).

6.C.2 Methodology
6.C.2.1 Materials and sample preparations

HMHDPE and LLDPE granules were placed in an air oven set at
100°C for four hours to remove any moisture present and allowed to cool
to room temperature in a desiccator. 80% HMHDPE/20% LLDPE (HL-2)
were melted with 0.5, 1, 1.5, 2, 2.5, 3 wt % of the isolated silica fibers
BMS. The blends containing 0 weight % filler are designated as HL-2. The
blends containing BMS were designated as HL-2-XBMS, where X is 0.5,
1,15, 2, 2.5, 3 wt% of BMS (e.g., HL-2-0.5BMS). For the fabrication of
polymer blend nanocomposites first the polymer pellets were fed into the
mixing chamber of Thermo Haake Rheomix Poly Lab system equipped
with roller type rotors operating at 50 rpm set at a temperature of 160 °C.
After 2 minutes of mixing, required quantities of BMS were added to the
polymer melt. A mixing time of 6 minutes was allowed to complete the
reaction. In all the cases to ensure proper mixing the torque in the Haake
mixing chamber was stabilized. The hot mix taken from the chamber

immediately pressed in a hydraulic press and then cut into small pieces and
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finally subjected to injection moulding at 170 °C. The detailed
characterization techniques are discussed in Chapter 2.

6.C.3 Results and discussion
6.C.3.1 Mechanical properties
6.C.3.1.1 Tensile properties
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Figure 6 C.1 Tensile properties of HL-2-BMS composites (a) stress-strain
curve of HL-2-BMS composites (b) variation of tensile strength
and tensile modulus with BMS loading

The stress-strain curves of HL-2 blend matrix and the BMS loaded
composites are shown in Figure 6 C.1(a). The entire sample shows same
fracture behavior with clear yield point after that sudden breaks occur.
Variation of tensile strength and tensile modulus with increasing BMS
loading is given in Figure 6 C.1(b). Initially tensile strength increases with
increasing filler loading, reaches a maximum and after that begins to
decrease. The decrease in tensile properties may be due to agglomeration
of filler particles. When the agglomerates are present stress concentration

on these agglomerates leads to easy failure. Tensile strength shows a
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marginal increase with BMS loading, reaches a maximum at 1.5 weight %
BMS loading. The improvement in strength is mainly attributed to the
absorption of stress by the fibrous filler and its uniform distribution
throughout the matrix. Tensile modulus steadily increases with increasing
BMS addition as expected. The elongation at break decreases with
increasing filler loading, because the crack propagates via much weaker
interfacial regions leading to the fracture of the composites at lower
elongation values [17].

6.C.3.1.2 Flexural properties
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Figure 6 C.2 Variation of flexural strength and flexural modulus
with BMS loading

The improved flexural properties of the HL-2-BMS composites
are evident from Figure 6 C.2. Maximum enhancement is achieved for
the composite loaded with 1.5 weight % BMS with 30% improvement
for flexural strength and 25% for flexural modulus substantiating the

better resistance towards bending forces. After that a decrease in both
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the flexural strength and modulus is noted, which is mainly due to the
weaker filler matrix interaction produced by the overcrowding at higher
filler loadings.

6.C.3.1.3 Impact strength

14
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-
o
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Figure 6 C.3 Variation of impact strength of HL-2-BMS composites

Figure 6 C.3 shows the variation of notched impact strength with
BMS loading. The impact strength increases with increase in BMS
addition up to 1 weight % and after that it decreases. The improvement in
the impact strength is credited due to the enhanced interfacial adhesion
between fibrous filler and polymer matrix, which require more energy to
de-bond the fiber from the matrix. Moreover fibers also absorb the external
stress applied during impact loading, which delays the rupture. However, a
decreasing trend is observed for the impact strength with higher BMS
addition due to poor interfacial adhesion between the fibrous filler and

matrix.
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6.C.3.1.4 Hardness
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Figure 6 C.4 Variation of surface hardness of HL-2-BMS composites

The effect of BMS on the hardness is shown in from Figure 6 C.4.
Surface hardness of the material is a measure of its resistance to indentation
and it indicates the degree of compatibility and crosslink density. A regular
improvement in hardness is observed. The increase in hardness may be due to
the higher stiffness of the silica particle. The hardness increment of

nanocomposites can lead to an improvement in their wear resistance.

6.C.3.2 FTIR spectrum
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Figure 6 C.5 FTIR analysis of HL-2-1.5BMS composites
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FTIR spectra of HL-2 matrix, pure BMS and the HL-2-1.5BMS
composites are given in Figure 6 C.5. There is no significant shift in the
characteristic peaks of HL-2 in the HL-2-1.5BMS composite, which shows
that there is no chemical interaction between the filler and the matrix. The
inclusion of BMS in the HL-2 matrix is confirmed from the FTIR spectrum

of the HL-2-1.5BMS.

6.C.3.3 Microstrure analysis
6.C.3.3.1 SEM analysis

50um 0000 1149 SEI

-

20kv  X3,000 S5um 0000 1149 SEI 30kV  X20,000 1pm 0000 1143 SEI

Figure 6 C.6 SEM images of tensile fractured surfaces of (a) HL-2 blend, (b),
(c) and (d) HL-2-2BMS composite at different magnifications

The morphological difference of the tensile fractured surface of neat

HL-2 blend (a) and HL-2-BMS composite loaded with 2 weight % of BMS
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at different magnifications ((b), (c), and (d)) are illustrated in the Figure 6 C.6.
Commendable difference is noticed in the composite than the blend. The
surface of neat blend shows voids. In the microstructure of composite the
bundles of silica, (shown in chapter 4 Figure 8 (e) and (f) SEM images;
and also in Figure 14 (a) and (b) TEM images) release the individual nano
fibers with an average fiber diameter of 60 nm which reinforces the
polymer. During composite preparation how the individual fibers are
separated from the fiber bundles of BMS and strengthen the HL-2 matrix is
demonstrated from Scheme 6 C.1. This mechanical interlocking between
the filler and the matrix without any surface modification can enhance the
mechanical properties of the blend.

Coiled polyet‘ylene chains

\% )< Shear/ 2 N/ 7 AC =

), << é( ——— =

//////// « bonponiery r_ ,:‘fl‘

///) ////,
i ////f’/ HL-2 matrix

BMS- Bundles of silicananofiber

silica fibers L’/j :

Micro structure of HL-2-2 BMS composite

Scheme 6 C.1: Pictorial representation for the preparation and
microstructure of HL-2-2 BMS composite
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Figure 6 C.7 SEM images of impact fractured surfaces of (a) HL-2
(b) HL-2-1BMS

The morphological difference of the impact fractured surface of the neat
HL-2 blend and the composite loaded with 1 weight % of BMS s illustrated
in Figure 6 C.7 (a) and (b) respectively. Compared to neat blend the SEM
images of HL-2-BMS composite have edge like structure with large interface.
Moreover the failure surface becomes rougher which indicates that the
propagation of crack during impact loading is very difficult. Thus the elevated

interfaces possibly absorb more energy thus improving the property.

6.C.3.4 Melt rheological analysis
6.C.3.4.1 Melt flow index (MFI)
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Figure 6 C.8 Variation of MFI of HL-2-BMS composite with BMS loading
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The influence of BMS loading on the melt flow rate is represented in
Figure 6 C.8. MFI value decreases with the increasing BMS content
showing reduced flow properties of the composites. A steady decrease in
MFI is credited mainly to the increasing entanglements, which also leads to
the restricted mobility of the polymer chains in the vicinity of the effective
interaction of BMS with HL-2 polymer matrix.

6.C.3.4.2 Dynamic rheological analysis (DRA)
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Figure 6 C.9 Rheological observations of HL-2-2BMS composite
(a) Variation of complex viscosity as a function of frequency
(b) Variation of storage modulus as a function of frequency
(c) Variation of loss modulus as a function of frequency and
(d) Variation of tand as a function of frequency
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Polymer rheological properties are often sensitive to the variations of
polymer composition and structure. In the case of polymer nanocomposites
both the rigid filler particles and the molten polymer matrix can have a
commendable role on the rheological behavior of the composite material.
Figure 6 C.9 shows the complex viscosity, storage modulus (G"), loss
modulus (G") and tan 6 as a function of frequency for neat HL-0, LH-O0,
HL-2 blend and the HL-2-2BMS composites. First, it can be noted that
the addition of BMS has slightly enhanced storage modulus and loss
modulus than the matrix blend HL-2 in the entire frequency region.
Furthermore HL-2-2BMS composites exhibit significantly higher storage
and loss modulus than LH-0 but much lower value than HL-O at lower
frequency region. Both storage and loss modulus gradually approach
those of LH-0 and HL-0 at high frequency region. The enhancement in
these properties depicts the better interaction of filler and the matrix due

to the effective dispersion of filler particles.

Figure 6 C.9 (a) shows logarithmic plots of complex viscosity versus
frequency for neat LH-0, HL-0, HL-2 blend and HL-2-2BMS
nanocomposites. Complex viscosity of the nanocomposite has slightly
higher value over entire frequency region, while that has lower value than
HL-0O and higher value than LH-O at lower frequency region. The
enhancement in complex viscosity of the nanocomposite at lower
frequency region clearly indicates enhanced interaction between the filler
and the HL-2 matrix by interfacial reactions in the melt. These results are
completely in accordance with what was already observed for other similar

systems.
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6.C.3.5 Thermal properties
6.C.3.5.1 Thermogravimetric analysis
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Figure 6 C.10 Thermogram of HL-2-BMS composites

Figure 6 C.10 shows the dependence of the decomposition temperatures
(Tonsets Tmax, T10 @nd Tsg) on BMS content for HL-2-BMS composites and the

corresponding thermal analysis data are tabulated in Table 6 C.1.

Table 6 C.1 Thermal analysis of HL-2-BMS composites

BMS Temperature at different mass .

o Peak max Residue at
content losses (°C) (Twa °C) 600 °C (%)
(Wt%o) Tonset T10% Ts0% mex

0 426 448 483 491 0.08
0.5 434 456 489 492 1.02
1 437 457 487 494
15 441 458 489 495 1.8
2 444 459 489 496 2.24
3 446 460 490 497 2.96

The presence of BMS shifts the degradation temperatures towards
higher values, signifying a higher thermal stability of the nanocomposites with
respect to the neat blend. Neat HL-2 starts to lose weight at 426 °C, whereas

addition of even 0.5 weight% BMS causes the decomposition temperature of
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exo

HL-2 to rise by more than 8 °C. It can be seen that the thermal stability of the
nanocomposites is improved compared with neat HL-2 matrix. The
enhancement in thermal stability of HL-2-BMS nanocomposites may be due
to the factors: presence of inorganic fillers like BMS restricts the polymer
chain mobility which declines the pyrolysis of carbon-carbon scission in HL-2
matrix; the dense char formed absorbs more heat than the organic polymer
matrix and thereby hinders thermal degradation [18, 19].

6.C.3.5.2 Differential scanning calorimetry

DSC analysis is a convenient method for the analysis of first order
transitions like melting and crystallization of polymers and their composites.
Non isothermal crystallization curves of HL-2 blend and HL-2-2BMS
composite are shown in Figure 6 C.11. The crystallization curve is represented
in (a) and the corresponding melting curve in (b). The apparent melting point
(Twm), crystallization temperature (T;), enthalpy of fusion (AHy,), enthalpy of
crystallization (AH¢), and the percentage of crystallinity (X.) are reported in
Table 6 C.2.
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Figure 6 C.11 Non-isothermal crystallization studies (a) Cooling (b) Melting
behavior of HL-2-2BMS composites
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Table 6 C.2 Non-isothermal crystallization characteristics of HL-2-BMS

composites
Sample T AH;¢ T, AH. X (%)
(*C) (J/9) (*C) (J/9)
HL-2 133 145 109 162 61.86
HL-2-2BMS 133 142 111 146 60.5

From the DSC analysis data it is obvious that the T, is unaffected but
there is slight increase in the crystallization temperature T.. This confirms a
weak nucleating effect of fibrous BMS in HL-2 matrix. Comparable results
were found in previous work on LLDPE-AIN composites and on HDPE-
CaCOj3 composites [20].

6.C.4 Conclusions

HL-2-BMS nanocomposites were fabricated by incorporating the
isolated fibrous bamboo silica BMS, into the PE matrix through melt
mixing followed by injection moulding. The isolated fibrous silica exists as
bundles of fibers with few micrometers in size as per SEM analysis of
BMS filler alone. Static mechanical, rheological and thermal properties of
the BMS reinforced nanocomposites were analyzed. The mechanical
properties of HL-2 blend are improved by the addition of fibrous BMS. A
marginal improvement in tensile and flexural properties is observed for the
composite with1.5 weight% loading. Regular increase in tensile modulus is
also noted. Impact strength shows a 28% improvement at 1 weight% BMS
addition. Thermal stability is significantly improves by the addition of
BMS. Absence of chemical interaction is confirmed by FTIR analysis and
the entanglement between the polymer chains and the fibrous filler is

indicated by MFI analysis. Rheological analysis confirms enhanced
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interaction between the filler and PE matrix. Individual nanofibers get

separated from the fiber bundles of BMS during composite preparation and

reinforce the HL-2 matrix as observed in the SEM micrographs of the

fractured surface of the nanocomposite. This is further correlated with their

mechanical performance. DSC studies show that BMS acts as a very weak

nucleating agent.
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Chapter l

POLYMER BLEND NANOCOMPOSITES FOR
HIGH PERFORMANCE APPLICATIONS

Introduction
7.2 Methodology
7.3 Results and discussion

7.4 Conclusions

Polymer nanocomposites based on 80/20 blend of HMHDPE-LLDPE
(HL-2) reinforced with nanozirconia (m-ZrO, and t-ZrO;) and silica
nanofibers (CGS, PGNS and BMS) were fabricated through melt mixing.
Potential of these nanocomposites for high performance applications was
investigated by studying the mechanical properties like compressive
property, fracture toughness and tribological properties. Wear resistance
was tested by pin-on-disc method and the corresponding worn surfaces
were analyzed through SEM. It is found that both the compressive
properties and SEN-TB fracture toughness of the pure HL-2 blend were
improved by the addition of nanofillers, indicating better load bearing
capability of the material. It is also found that nanocomposites exhibit lowest
coefficient of friction in comparison with HL-2 blend. The SEM
photographs of the wear traces indicate that a uniform thin layer of
inflexible coating is formed on the surface of the disc. These coating may
be a major facts for the lower value of the coefficient of friction.
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7.1 Introduction

Metals and ceramics are generally used for high performance
biomedical applications. In the current scenario with the advancement in
nanoscience and nanotechnology polymer nanocomposites are potential
candidate for such special application. By the incorporation of nanofillers
the properties of the polymers can be tuned for specific high end
applications. Wear resistance, the key property in such load bearing
applications can be improved by the incorporation of nanofillers since the
nano phase in the polymer composite forms a homogeneous and inflexible
transfer coating on the surface of the load bearing materials. The most
extensively studied nanofillers for this special purpose are nanoZrO,,
nanohydroxy apatite (HA), nanoZnO, nanoAl,O; due to their intrinsic
strength and biocompatibility. More over short aramid (AF), carbon fibers
(CF) or glass fibers (GF) are also used to boost the creep resistance and the

compressive strength of the polymer matrix [1-4].

Due to outstanding wear resistance, chemical resistance, extreme
toughness, low frictional property, and relatively low cost, polyethylenes (PE)
such as HDPE, UHMWPE, and other PE composites are widely used in
various high performance applications [5]. UHMWPE is a choice polymer in
many engineering applications and in the biomedical field such as wheels,
runners for bottling production lines, gears, bearings, lining for coal chutes,
orthopedic implants and even in bullet resistant vests [6]. HDPE has
enormous tribological applications including automotive industry, low speed
bearings, pressure pipes etc [7-9]. Along with UHMWPE and HDPE, highly
stable polymeric systems like PTFE [10] and PEEK [11] have been
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investigated for orthopedic implant applications due to their excellent
mechanical properties. Out of these polymers, UHMWPE, HDPE and PE
composites are the most promising materials as well as widely accepted.

The major problem associated with the use of PEs as acetabular cups
is not only the wear of the cups themselves but also the wear of interfacial
adhesion between the tissue and the implant. Thus the debris created by
wear of PE articulating surfaces is attacked by the body’s immune system
and lead to bone loss, known as osteolysis. Therefore debris accumulates
in the area close to implant; leads to loosening of the implant system,
resulting in a repeated surgery. Lifetime of implant systems can improve
by enhancing the wear resistance of the polymeric portion of the implant,
especially through the use of suitable biocompatible nanofillers.

Excellent results offered by UHMWPE makes it the best candidate
for load bearing medical devices [12]. The complex processing of pure
UHMWPE by conventional manufacturing practices is very intricate
because of its high melt viscosity [13]. Furthermore this high viscous
matrix could result in poor dispersions of the nanoparticles during the
fabrication of nanocomposite, resulting in poor mechanical performances
of the composites [14]. As a result an alternative to UHMWPE for
loadbearing medical devices is of paramount importance under economical
conditions. Compared with UHMWPE, HDPE has essentially the same
chemical structure, comparable mechanical properties, relatively low cost,
excellent creep resistance, good processability, and biocompatibility. A
number of researchers have investigated the significance of HDPE as

matrices in bone implant applications. From 1980 onwards HDPE was
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used and examined to develop low-wear and low-friction bone analogue
materials [15,16]. However, it was reported that with the long time use,
HDPE exhibited a lower wear resistance than that of UHMWPE.

Ever since Bonfield et al. introduced HA reinforced HDPE (HAPEX),
there has been a constant attempt to develop bone-analogue nanocomposites
for biomedical applications [17-21]. With the advancement of nanotechnology
and innovative manufacturing techniques for the preparation of
nanocomposites, HDPE based nanocomposites were recently investigated
for the utilization in total hip artificial joints [22-24].

Recently a big window of opportunities has opened for HDPE based
nanocomposites by the introduction of nanoclay, CNTs and CNFs, [25, 26-
28] for total joint replacement applications. Fouad and Elleithy [24]
developed HDPE -graphite nanocomposites as load bearing biomaterials,
by utilizing the solid lubricant potential of graphite nanoparticles (GNPs).
Bodhak and coworkers [29] deliberated the friction and wear properties of
HDPE-HA-AI,O3 bio-composites and resulted in enhanced properties for
the composite. Same type of work was performed by Nath et al. [30] and
demonstrated how the stiffness, hardness as well as the biocompatibility
property of bioinert HDPE can be extensively enhanced by the combined
addition of both bioactive and bioinert ceramic fillers like Al,O; and HA.
Pettarin and coworkers [31] modified HMWHDPE by the incorporation of
nanoMoS; and studied the ability of these fillers to reduce the wear rate

and friction of the composites.

The important parameter essential for polymeric counterpart in load

bearing joint components in biomedical field is high degree of crystallinity.

I Department of Polymer Science and Rubber Techinology, CUSAT



Polymer Blend Nanocomposites for High Performance Applications

Higher crystallinity gives a larger modulus of elasticity, superior yield
strength, improved resistance to creep deformation and enhanced fatigue
strength. Reduced cost with specific property requirements is a challenge
for a polymer technologist, to develop strong biocompatible materials
through incorporation of suitable biocompatible fillers. So the modification
of commaodity low cost polymers by simple blending is of special interest.

Along with other mechanical properties of the polymer nanocomposites
used for load bearing medical devices, special attention should given on
the compressive property, fracture toughness and wear resistance of the
material. In the present part of the work, it is proposed to study the
potential of nanozirconia and silica nanofibers in enhancing the load
bearing properties of HMHDPE-LLDPE blend.

7.2 Methodology
7.2.1 Sample preparations

80% HMHDPE/ 20% LLDPE (HL-2) were melt mixed with 0.5, 1, 1.5,
2, 2.5,3 wt % of nanozirconia (both m-ZrO, and t-ZrO,) and the isolated
silica fibers (CGS, PGNS and BMS) in a Thermo Haake Rheomix poly lab
system fitted with roller type operating at 50 rpm for 8 minutes at 160. The
hot mix from the chamber was immediately fed into the hydraulic press,
cut into small pieces and then injection molded at 170°C in a semi
automatic type injection moulding machine (Model JIM 1 H series, 4508).
Cylindrical specimens for compressive test, rectangular shaped test
specimens for fracture toughness and a pin shaped specimens for Pin on

disc wear analysis using appropriate moulds.
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The characterization methods employed are discussed in Chapter 2.

7.3 Results and discussion
7.3.1 Mechanical properties
7.3.1.1 Fracture toughness
7.3.1.1.1 Fracture toughness of HL-2- nanosilica composites

The SEN-TB fracture toughness (K,c) of fibrous nanosilica filled
HL-2 blend nanocomposites is given in Figure 7.1. (a) represent HL-2-
CGS nanocomposites, (b) HL-2-PGNS nanocomposites and (¢) HL-2-BMS
nanocomposites respectively. These figures show how the fibrous silica

effectively influences the fracture toughness of the pure HL-2 blend.

(b) Bl PGNS nanocomposites

B CGS nanocomposites
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Figure 7.1 Fracture toughness properties of HL-2 nanosilica composites (a) Kic of
HL-2-CGS nanocomposites (b) K;c of HL-2-PGNS nanocomposites and
(c) K¢ of HL-2-BMS composites, against filler loading
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In all the cases fracture toughness shows an enhancement of 20% for
CGS nanocomposites, 17% for PGNS nanocomposites and 19% for BMS
nanocomposites at 2 weight % loading. The increase in fracture toughness
of the nanocomposites is mainly due to the ability of the nanofillers to
oppose the crack propagation prior to the fracture has taken place [32]. As
the silica loading increases, the agglomeration of the filler particle results
in the decrease of the resistance of the material against the propagation of
crack, accordingly fracture toughness of the composite drop off. Still the
Kic value, even at 0.5 weight % filler loading in all the respect is higher
than pure HL-2 blend.

7.3.1.1.2 Fracture toughness of HL-2-nanozirconia composites

(b) ‘Mi mNZR composites |

e e
-3 ~
a =}
1 !

Kjc MPa.m'2)
K]C(MPa.ml/Z)
4
3

b
o
a

1.5
Weight% of m-ZrO,

Figure 7.2 Fracture toughness properties of HL-2-nanozirconia composites
(@) K¢ of HL-2- t-ZrO, nanocomposites and (b) K,c of HL-2- m-ZrO,
nanocomposites, against filler loading

Fracture toughness of the composites as a function of nanozirconia
loading is given in Figure 7.2, where (a) represents the fracture toughness of t-
ZrO, and (b) fracture toughness of m-ZrO, respectively. Zirconia, being a
ceramic material well known for its hardness, once it is used as filler, a

reinforced composite with better fracture mechanical properties can be
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expected. The improvement in K¢ is observed at 2 weight % filler loading in
both the cases, after that it decreases. HL-2-t-ZrO, composite at 2 weight %
t-ZrO, loading shows 29% improvement in fracture toughness and 23%
increase at the same loading by the addition of m-ZrO,. This shows that the
introduction of nanozirconia appreciably enhances the fracture toughness
properties at a particular loading due to better filler matrix interaction, while at
higher filler loading agglomeration acts as stress concentrator which allows
propagation of crack path much easier way, resulting in decrease in Kic.

7.3.1.2 Compressive properties

7.3.1.2.1Compressive modulus of HL-2 nanosilica composites
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Figure 7.3 Variation of compressive modulus of HL-2-nanosilica composites
(a) compressive modulus of HL-2-CGS nanocomposites (b) compressive
modulus of HL-2-PGNS nanocomposites and (¢) compressive modulus
of HL-2-BMS composites, with filler loading
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Figure 7.3 shows the variation of compressive modulus with silica
loading. In the case materials like polyethylenes that do not burst under
compressive force, ultimate compressive strength cannot be evaluated. In this
contest compressive modulus is taken to evaluate the load bearing capability of
the material. In all the three cases compressive modulus shows a considerable
improvement of 37% at 1.5 weight percentage CGS addition and there after it
decreases with filler loading. A substantial enhancement of 44% is obtained at
2 weight% PGNS addition and a 33% improvement at 2 weight% BMS
addition. After that particular filler loading compressive modulus decreases
with increasing filler loading. The enhancement in compressive property is
mainly due to the ability of the fibrous nanosilica particles to lock the crack
and flaws which are perpendicular to the applied load which further promotes
better filler-matrix interaction due to the good dispersion of filler particles in
the PE matrix [33]. As a result, compared to neat HL-2 blend HL-2-nanosilica
composite can endure more load. The improved compressive modulus is a

sign of increased load bearing ability of the material.

7.3.1.2.2Compressive modulus of HL-2 nanozirconia composites
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Figure 7.4 Variation of compressive modulus of HL-2-nanozirconia composites

(a) compressive modulus of HL-2- t-ZrO, nanocomposites (b) compressive

modulus of HL-2- m-ZrO, nanocomposites with filler loading

|—®— HL-2-mNZR composites
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Compressive modulus increases with increase in both types of
nanozirconia loading and reaches a maximum at 1.5 weight percentage m-
ZrO, loading and 2 weight percentage t-ZrO, as observed in the figure.
The improvement in compressive modulus by the incorporation of
nanozirconia results from the ability of the nanoparticulates to close the
crack and defects in the PE matrix during compressive load. 48%
enhancement in compressive modulus is observed for HL-2-1.5 m-ZrO,
and HL-2-2 t-ZrO, composites. The reduction in compressive modulus at
higher loading can be due to the agglomeration of nanoparticulates which

restrict the insertion into the voids due to larger size.

7.3.1.3 Compressive properties and flexural properties of the HL-2
nanocomposites

Table 7.1 Compressive and flexural mechanical properties of the polymer and
HL-2-nanocomposites, where mNZR represent m-ZrO, and tNZR as

t-ZrOz
Compressive mechanical property Flexural mechanical property
Compressive modulus | Offset yield strength Flexural modulus Flexural strength
(MPa) (MPa) (MPa) (MPa)
HL0 527 + 20 2478+ 1.2 50516 33:09
LH-0 17018 11581 0.5 80t 22 8:1.3
HL2 41315 2313209 402%24 26%0.7
Silica nanocomposite
HL-2-0.5CGS 51712 24.01% 0.82 432+ 8 32+ 0.49
HL-2-2CGS 566:15 C_37% D |[262:15 C_13% O |a78z9 C_19% O [33:02 < 27% O
HL-2-3CGS 540+ 12 25123 427:12 30% 03
HL-2-05PGS  |497:14 233:23 _—__ |420:8 321035
HL215PGS  |695216 (_44% O 2962068 28% ) [543:9 C 35% D |362029 C_35% O |
HL-2-3PGS 545+ 17 2496112 429:13 31206
HL-205BMS _ |468%14 _ 229%341 _ 420:9 3051 0.35
HL-2-1.5BMS 535217 & _30% O [2585:11C_12% O [s00:11 @_ 33029 -
HL-2-3BMS 49015 23.66% 0.5 41014 2051 0.6
Zirconia nanocomposite
HL2-0.5mNZR | 521% 20 23915 527:16 331 0.65
HL2-16mNZR |611z 15 _48% 3116221 _35% 610:12 ( _92% 382066 C_46% |
HL-23mNZR  |566%17 27.2:12 49620 341 0.89
HL-2-05tNZR  |561: 15 - 256+ 0.91 - 532: 16 341 0.65
HL-22tNZR 61218 @—m@ 62012 C 54% D [39:055 C 50%
HL-2-3tNZR 5651 12 267:13 4991 20 36t 0.89
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The mechanical properties like compressive modulus and flexural
properties are equally important for load bearing applications especially for
bone tissue engineering applications [34]. The compressive and flexural
mechanical properties of the pure polymers, HL-2 blend and their
nanocomposites with varying filler (different type of silica nanofibers and
nano zirconia) concentrations are listed in table 7.1. The incorporations of
nanofillers reinforced the mechanical properties of the HL-2 blend and also
the pure polymer HL-0 and LH-0 in a qualitatively similar manner, i.e., the
mechanical properties increase with the initial concentrations of both silica
and zirconia nanofillers, peaks between 1.5 and 2 weight%, then decreases at
higher filler loadings. There are significant enhancements in compressive
modulus and flexural modulus for the different groups of the
nanocomposites. Similar increases are observed for the flexural strength.
However, not much significant reinforcements in offset compressive yield
strength are observed for the different nanocomposites tested. Both flexural
modulus and strength increase with the incorporation of nanozirconia and

silica nanofibers.

7.3.1.4 Wear resistance studies
7.3.1.4.1 Wear resistance of the HL-2 nanosilica composites

Zirconia being a ceramic material well known for its hardness,
tribological properties like wear resistance was tests for neat HL-0, LH-0,
the blend HL-2 and the nanocomposites according to the pin on disc
method. Usually, the wear property of a composite material is illustrated

by the coefficient of friction and wear rate.

Tailoring HMHDPE/LLDPE blend for High Performance Applications: Role of Nanozirconia, Silica nanofibers



Chapter 7
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Figure 7.5 Variation of coefficient friction of pure polymers HL-0, LH-0,
blend HL-2 and the HL-2-nanosilica composites (a) HL-2-CGS
nanocomposites (b) HL-2-PGNS nanocomposites (¢) HL-2-BMS
nanocomposites against sliding distance

Variation of coefficient friction against sliding distance is shown in

figure 7.5. Coefficient of friction is an important factor for deciding the

material’s tribological properties. Coefficient of friction of CGS filled

composites [Figure 7.5 (a)] shows lower value than the pure polymer and

the blend matrix. Evidently, the nanocomposites with 3 weight% CGS

filled HL-2 blend has lowest coefficient of friction, which indicates that as

the filler concentration increases the corresponding nanocomposites

become more wear resistant. During the course of wear experimentation,

(230 |
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Coefficient of friction

the removed nanoparticles might also perform as solid lubricants. These
account for the lower specific wear rates and friction coefficients of the
nanocomposites [35]. In these fibrous silica based nanocomposites HL-2-
3PGNS composite shows lowest coefficient of friction hence most wear

resistant.

7.3.1.4.2 Wear resistance of the HL-2 nanozirconia composites
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Figure 7.6 Variation of coefficient friction of pure polymers HL-0, LH-0,
blend HL-2 and the HL-2-nanozirconia composites (a) HL-2-m-
ZrO; nanocomposites (b) HL-2-t-ZrO, nanocomposites against
sliding distance

Figure 7.6 shows the wear behavior of raw polymers, the blend HL-2
and the nanozirconia reinforced HL-2 blend nanocomposites and it was
investigated by determining the change in friction coefficient as a function
of wear distance. It is observed that both types of zirconia reinforced HL-2
blend nanocomposite show lower coefficient of friction than that of the pure
polymers and the blend. Lower friction coefficient indicates increased wear
resistance of the composite material. Results show that the nanocomposites

exhibit better dispersion and which results in much stronger interfacial
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bonding between the nanoparticulates and the PE blend matrix. As the
nanozirconia loading increases the friction coefficient again decreases,
because a positive rolling effect of the nanoparticles between the materials
and the filler is proposed due to the presence of more wear resistant
ceramic counterpart. Similar result is observed for the two composites
(m-ZrO, and t-ZrO, composites), due to the extremely uniform distribution
of both fillers in the PE matrix, although independent of the type of
crystallinity whether monoclinic or tetragonal zirconia [36].

Table 7.2 Wear rate of the sample

Sample name Specific wear rate (10°* mm®N*m™)
HL-2 blend 14
HL-2-2 CGS 1.3
HL-2-3 CGS 1.2
HL-2-2 PGNS 1.19
HL-2-3 PGNS 1.01
HL-2-2 BMS 1.2
HL-2-3 BMS 11
HL-2-2 m-ZrO, 1.2
HL-2-3 m-ZrO, 1.1
HL-2-2 t- ZrO, 11
HL-2-3 t-ZrO, 0.9

Table 7.2 shows the wear rate of the material. Wear rate was assesed
from the profiles of the trace on materials surface. The nanocomposites
posesses minimum wear rate than the blend. As the nanofiller loading

increases, the wear rate decrease in all the trials.
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7.3.2 Morphological analysis by SEM

7.3.2.1 Morphological analysis of the fracture toughness specimen

e Sendi AR A% LA
20kV  X3,000  5um 0001 1247 SEI 20kV  X3,000 5um 0001 1247 SEI

Figure 7.7 SEM photographs of SEN-TB fracture toughness specimens
(a) pure blend HL-2 (b) HL-2-2PGNS nanocomposite (c) HL-2-
2BMS nanocomposite (d) HL-2-t-ZrO, nanocomposite

Microstructure analysis of the TPB fractured surface of the fracture
toughness specimens of pure blend and the nanocomposites were examined
by SEM analysis and the resultant micrographs are shown Figure 7.7. The
SEM images of the pure blend [(Figure 7.7(a)] show smooth and weak
surface which makes the characteristic ineffective brittleness and low
results for Kc. A different morphology was observed for nanocomposites
[Figure 7.7 (b-d)]; much rougher surface is noticed in contrast to the pure
blend. Presence of nanofillers in the PE matrix makes fracture to extend

along a very twisted route by the formation of matrix plastic deformation,
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which makes longer time to break and more absorption of energy resulting
enhanced K¢ [37].

7.3.2.1 Morphological analysis of the worn surface of the wear resistance
test specimens
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Figure 7.8 SEM photographs of SEN-TB fracture toughness specimens
(@) pure blend HL-2 (b) HL-2-2PGNS nanocomposite (c) HL-2-
2BMS nanocomposite (d) HL-2-t-ZrO, nanocomposite
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SEM analysis of the worn surfaces of the neat blend and the
nanocomposite are shown in Figure 7.8. SEM micrographs of the worn
surfaces provide knowledge about both, the role that nanoparticles play in
the reduction of wear rate, and the wear mechanisms. The SEM image of
the worn surface of the blend is more rough indicates that the micrometers
size of the polymer fragments detach from the surface of the HL-2 blend
during the course of the experiment and leaves small craters behind. These
polymer fragments might be captured between the counterface and the pin
sample, abrade the sample surface leading to even more substantial loss of
material. In the case of filled nanocomposites, the SEM images are
completely different and become rather smooth. Noticeable difference is
noticed for the SEM images of HL-2-2 m-ZrO,, HL-2-2 t-ZrO; [Figure 7.8
(b) and (c)] and also for the HL-2-2 PGNS composite [Figure 7.8 (c)] . the
micro structure investigation of the PGNS loaded nanocomposite of the
worn surface also show the debundling of the fibers of PGNS into

individual nanofibers, which has been already stated in the Chapter 6 B.

7.4 Conclusions

The effect of fibrous nanosilica and nanozirconia on the mechanical and
tribological properties of HL-2 blend nanocomposite has been studied. It is
found that the mechanical properties improve with nanofiller (both nanosilica
and zirconia) content upto a particular loading and then decreases. The
progress in mechanical properties is supposed to be due to the presence of
more contact positions offered by the small sized nanoparticulates and the PE
matrix. SEN-TB fracture toughness improves by 20% in HL-2-2CGS
composite, 17% in HL-2-2PGNS and 19% in HL-2-2BMS composite.
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Moreover the zirconia based nanocomposite exhibits an improvement of 23%
in HL-2-2mZrO; and 29% in HL-2-2tZrO, composite. The high compressive
strength of brittle ceramic nanoparticles coupled with efficient stress transfer
results in superior compressive properties for both the silica and zirconia
based nanocomposites. Compressive modulus shows an enhancement of 37%
in HL-2-2CGS composite, 44% in HL-2-1.5PGNS and 33% in HL-2-1.5BMS
composite. The zirconia based nanocomposite shows an increase of 48% in
both  HL-2-1.5mzrO, and HL-2-2tZrO, composite. This enhanced
compressive modulus is an indication of superior load bearing capacity of the
material. Tribological properties like wear resistance based on pin in a disc
analysis reveal lower coefficient of friction for the nanocomposites than the
corresponding blend indicating enhanced wear resistance for the composite.
More pronounced wear resistance is observed for PGNS and zirconia based

nanocomposites.
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Chapter El
SUMMARY AND CONCLUSIONS ‘

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

Polymer nanocomposites (PNC) have opened a new window in
achieving a much higher realm of performance which cannot be attained by
neat polymer alone. PNC is a class of hybrid materials comprising of an
organic polymer matrix with dispersed inorganic nanofillers, having at
least one dimension in nanometer range. Value added properties are
obtained without sacrificing the processability or adding too much weight.
Dispersion of fillers at the nanometer length scale leads to improved filler
— matrix interaction. When compared with the economical and technical
uncertainties associated with synthesizing new polymeric materials, these
nanocomposites have the potential to combine the attractive properties of

the component present.

The major thrust of this study is to evaluate the effect of nanozirconia
and nanosilica, on various physico-mechanicals, rheological and thermal
properties of polyethylene based polymers and its blends. Upgradation of
HMHDPE-LLDPE blend using those biocompatible nanofillers is
described in detail for developing materials for high performance

applications like load bearing biomaterials has been proposed.
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The synthesis of the nanoparticulates like nanozirconia and silica
nanofibers is the first part of this study. Monodispersed tetragonal
nanocrystalline zirconia (t- ZrO,;) with spherical morphology and
monoclinic zirconia (m- ZrO;) with spheroid morphology were synthesized
by adopting a facile template assisted sol-gel method. The medium
assisting the growth of nanoparticles mainly consisted of ZrOCl,.8H,0 and
NH4OH as reactants in a 1:2 mixture of Isopropyl alcohol (IPA)-polyvinyl
alcohol (PVA) as the dispersing agent. The calcined nanopowders were
characterized by X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), Scanning electron microscopy (SEM), Transmission
electron microscopy (TEM), Nitrogen adsorption (BET), Particle size
distribution , Zeta potential measurement and Thermogravimetric analysis
(TGA). The studies reveal that the size of the particle has highly dependent
on PVA content and calcination temperature. Moreover, reacting medium
and calcination temperature have vital roles in determining the crystallinity
and morphology of ZrO,. The sample prepared under optimized conditions
(2% w/v PVA) show pure tetragonal crystallite phase with an average
particle size of 5 nm, surface area of 56 m” g—1, and mesoporous structure
after calcination at 600 °C for 5 h. Changing the mode of addition of the
reacting medium followed by calcination provides mesoporous, spheroid,
m-ZrO, with an average particle size of 15nm and surface area 73.5 m? g—1.
The particle size of t- ZrO, is 4nm and that for m-ZrO, is 16nm from TEM.

These values are in good agreement with XRD results.

Increasing demand and inflexible performance requirements have
given thrust for finding new sources for the isolation of silica for the

preparation of nanocomposites. Silica has long been known to be present in
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plants. It is stored primarily as opaline phytoliths in the epidermis of plant
tissue. A novel green chemical route by exploiting the vast and abundant
grass varieties are suggested for the production of silica nanofibers. The
three different grass varieties namely Indian grass (Sorghastum nutans,
CG), Pampass grass (Cortaderia selloana, PG), and Bamboo (BM) have
been selected for the isolation of nanosilica via an acid pre treatment
followed by calcination method. The concentrations of acid (HCI)
pretreatment were optimized from SEM and EDS analysis as 0.01N HCI
for CG and 0.1N HCI for FPG and 1N HCI for BM to get highly pure,
white, mesoporous nanosilica powder having fibrillar morphology. The
chemical purity, crystallinity and morphology are confirmed by FTIR,
XRD, and TEM analysis. Thermal stability of the fiber was investigated by
TGA analysis and surface area was measured by BET surface area
analyzer. HR-TEM analysis reveals that the actual morphology of isolated
silica is rich in nano fibrillar channel network for PGNS silica and bundles
of fibers for silica from Indian grass and Bamboo. Thus the study suggests
a breakthrough route for preparing high-purity mesoporous fibrous silica
materials by utilizing an abundant bio-precursor like tip of Indian grass,
flowers of pampas grass and stem of Bamboo. The silica obtained has good

potential for the preparation of polymer nanocomposites.

The isolated biocompatible fillers were used for the upgradation of a
polyethylene blend matrix for high performance applications. High
molecular weight high density polyethylene (HMHDPE) and Linear low
density polyethylene (LLDPE) based blend was prepared by melt mixing in a
Thermo Haake Rheocord mixer. HMHDPE and LLDPE are sufficiently

compatible to take advantage of the attractive properties of the both. All
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mechanical properties other than impact strength are higher for HMHDPE
than LLDPE. Blending HMHDPE with LLDPE enhances the toughness of
HMHDPE with only slight decrease in the yield stress. Thermal stability
and processability are improved by blending. To take advantages of the
high mechanical performance with better processability, 80/20 blend was
selected as the base for composite preparation.

Polymer nanocomposites based on 80/20 blend of HMHDPE-LLDPE
(HL-2) were prepared by melt mixing using nanozirconia and silica
nanofibers followed by injection moulding. Two different crystalline forms
of nanozirconia (m-ZrO, and t-ZrO,), fillers were dispersed in the HL-2
matrix to evaluate the effect of the crystalline form, size and morphology
on reinforcement. Both the fillers got dispersed well in the PE blend
matrix. The effects of nanofillers on the mechanical, thermal, rheological
and morphological characteristics of nanocomposites were evaluated.
Composites show higher thermal stability with respect to the neat blend.
Independent of their crystalline phase, size and morphology, both fillers
give significant improvement in desirable properties. The entanglement
between the polymer chains and the nanozirconia was seen from the FTIR
studies and MFI analysis. Microstructure investigations on the HL-2-2t-
ZrO, nanocomposite by TEM illustrate well dispersed nano t-ZrO; in the
PE matrix. Morphological characterization by SEM on the fractured
surface of nanocomposites shows better dispersion and interfacial addition
of both types of zirconia in the HL-2 matrix and this can be correlated with
their mechanical performance. With the addition of nanozirconia into the
HL-2 matrix the thermal stability has been significantly improved, as

evidenced from the TGA analysis. Both types of nanozirconia act as weak
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nucleating agents for HL-2 matrix. The study proves that addition of
zirconia nano fillers has a salutary effect on the thermo mechanical
properties of PE matrix without any surface modification to both the filler

and the matrix.

HL-2 blend reinforced with silica nanofibers isolated from Indian
grass (CGS), Pampas grass (PGNS) and Bamboo (BMS) was prepared
separately by melt mixing. Significant improvement in mechanical
properties is observed by the addition of fibrous silica to PE matrix without
any surface modification. Absence of chemical interaction is evident from
FTIR analysis and the entanglement between the polymer chains and the
fibrous filler is from the MFI analysis. Rheological analysis confirms
enhanced interaction between the fibrous silica and PE matrix. FTIR
analysis confirms that there is no chemical interaction between the filler
and the matrix. TGA analysis shows that thermal stability improves with
increasing nanosilica content. DSC analysis shows a weak nucleating
effect of the filler. TEM micrographs of HL-2-2PGNS nanocomposites
prove homogeneous fibrous silica distribution in the PE matrix with some
aggregates. Microstructure analysis of the tensile fractured surface of the
nanocomposite by SEM gives evidence for the dispersion of silica fibers.
SEM micrographs reveal the separation of individual silica fibers from the
fiber bundles of CGS and BMS during melt mixing, which can efficiently

reinforce the polymer matrix.

An attempt was made to test the suitability of PNCs in high
performance applications. PE based nanocomposites has long been used

for load bearing applications in biomedical field for bone implants. PNCs
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may be potential candidates for such applications due to their versatility.
The potential of nanozirconia and silica nanofibers in enhancing the load
bearing properties of HMHDPE-LLDPE blend has already been considered
in this thesis. The improved properties of the HL-2 blend nanocomposites
widen the application spectrum of this composite for the replacement of PE
based composite used for load bearing bone implants. Apart from the
properties already discussed in the earlier portion of the work, other
important parameters essential for polymeric materials to be used for load
bearing joint components in biomedical field are compressive property,
fracture toughness and wear resistance. Accordingly the effect of nanozirconia
and fibrous nanosilica on these mechanical and tribological properties of
HL-2 blend nanocomposite has been studied. It was exposed that an
increase in the ceramic content results in the enhancement in the
mechanical properties. The improvement in mechanical properties is
supposed to be due to the presence of more contact positions offered by the
small sized nanoparticulates and the PE matrix. An improvement in
fracture toughness is observed for nanosilica and nanozirconia based
composites. The high compressive strength of brittle ceramic nanoparticles
coupled with efficient stress transfer results superior in compressive
properties for both the silica based and zirconia based nanocomposites.
The enhanced compressive modulus is an indication of superior load
bearing capacity of the material. Tribological properties like wear
resistance based on pin in a disc analysis reveal lower coefficient of
friction for the nanocomposites than the corresponding blend indicating
better wear resistance for the composite. Improved wear resistance is

observed for PGNS and zirconia based nanocomposites.
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The isolation of silica nanofibers and synthesis of zirconia nanoparticles
and the identification of their potential to develop useful nanocomposites
based HMHDPE-LLDPE blend to generate a spectrum of useful engineering

material for critical applications.

The major contributions of the work are

e Using a surfactant assisted sol-gel method monodispersed
tetragonal nanozirconia was synthesized at a comparatively

low cost.

e A new source of biomass was explored for the synthesis of

fibrous nanosilica, which may have commercial applications.

e Using nanozirconia and fibrous nanosilica high performance

composites based on PE blend was prepared.

Future Scope

a) Evaluating biological response of the blend nanocomposites by
‘in vivo’ and ‘in vitro’ test, using simulated body fluid (SBF) or
in the actual implant conditions

b) Introduction of random crosslinking by radiation for further

development in the mechanical and tribological properties of the

nanocomposites.
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