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Preface

The reinforcement with nanofillers greatly improves the properties of
thermoplastics. The ability to develop and process nanccomposite materials into various
products will be of critical importance in the development of polymer products in the
coming years. The need to promote organophilicity in place of the natural hydrophilic
character in inorganic nano materials is a crucial prerequisite for the good performance of
nanocomposites.  Sufficiently small fillers can give good reinforcement, even when
matrix/domain bonding is poor. Short fibre reinforced composites are finding ever-
increasing applications in engineering and consumer products. Short fibres are used in
order to improve or modify certain thermo-mechanical properties of polymeric materials
so as to meet specific applications requirements or to reduce cost of the fabricated
article. Short fibres can be directly incorporated into thermoplastics during processing
along with other additives and the resulting composites are amenable to the standard
processing steps and various type of moulding operations. But in most of the cases fibre
reinforced composites require fairly high fibre loading to get the desired property. Higher
fibre loading causes higher fibre misalignment and increases the chance for the voids
during manufacturing processes. This causes reduction in properties of short fibre
reinforced composites. Hence a composite with low filler loading is always the optimum
choice. Addition of small volume of nanofillers into fibre composites can effectively
improve the properties. This type of hybrid nanocomposites based thermoplastics are
expected to posses’ attractive performance even at low filler loading.

The present study was undertaken to prepare nanosilica by a simple cost
effective means and to use it as a potential nanomodifier in thermoplastic matrices and to
develop useful composites. Nanosilica was prepared from sodium silicate and dilute
hydrochloric acid by polymer induced crystallization technique under controlled
conditions. The silica surface was modified by silane coupling agent to decrease the
agglomeration and thus to increase the reinforcement with polymer. The pristine
nanosilica and modified nanosilica were used to make nano-micro hybrid composites.
Short glass fibres and nylon fibres were used as microfillers. The hybrid nanocomposites
based on Polypropylene (PP} and High density poly ethylene (HDPE) are prepared. The
mechanical, thermal, crystallization and dynamic mechanical properties of the composites
are evaluated. The thesis is divided into seven chapters.



Chapter 1 is an introduction and a review of the earlier studies in this field. Scope and
objectives of the present work are also discussed.

The details and specifications of the materials used and the experimental
procedures for the preparation and characterization of nanocomposites and nano-micro
hybrid composites adopted in the present study are given in Chapter 2

Synthesis, characterization and modification of nanosilica is described in chapter
3. Nanosilica was synthesized by polymer induced crystallization route using sodium
silicate, and hydrochloric acid under controlled conditions. Chitosan, second abundant
biopolymer in nature was used as the polymer medium. The modification of silica was
done using vinyl triethoxysilane. The silica was characterized by using X-ray diffraction
(XRD), Scanning Electron Microscopy {SEM), Transmission Electron Microscopy (TEM),
BET Adsorption and Infrared Spectroscopy {IR). Nanosilica prepared by this method had
a particle size lower than that of the commercially available silica. Presence of chitosan in
the reaction reduced the particle size of the synthesized silica. The modification of silica
reduced the agglomeration of silica. XRD results showed that the silica was in amorphous
state.

The potential use of nanosilica as reinforcing filler in polypropylene and high density
polyethylene described in Chapter 4. The mechanical properties of the polypropylene-
silica nanocomposites and HDPE-silica nanocomposites are presented. The mechanical
properties of both composites with modified silica and maleic anhydride grafting of the
polymers are also presented in this chapter. Modified nanosilica is found to be potential
reinforcing filler in polypropylene and HDPE. Mechanical properties such as tensile
properties, fiexural properties and impact strength of the composites are found to improve
with filler loading. Filler-matrix interaction improves upon modification of nanosilica. The
nucleating efficiency of both silica and modified nanosilica altering the crystallizing
behaviour of PP and HDPE was evaluated using DSC. Isothermal and non-isothermal
methods were used for the study. Dynamic mechanical analysis and thermogravimetry
were also carried out to understand the dynamic and thermal properties of the
composites. Maleic anhydride grafting improves the overall property of the composites.

The effect of synthesized nanosilica and modified silica on short fibre reinforced PP composites
is described in Chapter 5. Fibre loading was varied from 0 to 30 weight percentage. This
chapter is divided into two sections. The effect of nanosilica/modified silica in short glass



fibre/polypropylene composite is given in Section 5A. The effect of maleic anhydride
treatment in this nano-micro hybrid composite is also presented. The mechanical
properties of the hybrid composites are found to improve with maleic anhydride
treatment. Dynamic mechanical properties and thermal stability of the hybrid composite
are also found to improve by maleic anhydride treatment. The nucleation effect of nano-
micro hybrid is found to be increased by the presence of modified silica and maleic
anhydride treatment. The effect of nanosilica/modified nanosilica in short nylon fibre/PP
composite is described in Section 5 B. Mechanical properties, thermal stability,
crystallization behaviour and dynamic mechanical analysis of the nano-micro hybrid
composites are investigated. Maleic anhydride treatment improves the properties of the
composites in this case also.

The nano-micro hybrid modification of HDPE is presented in Chapter 6. Nanosilica and
modified nanosilica were used as nano fillers. The fibre loading was varied from 0 to 30
wt.%. This chapter is divided into two sections. The effect of nanosilica/modified silica in
short glass fibre/HDPE composites is described in Section 6A. The mechanical properties
of the hybrid composites are found to be improves by modification of silica. Dynamic
mechanical properties, thermal stability and crystallization effect of the nano-micro hybrid
composites are also found to depend on modified silica and maleic anhydride treatment.
The effect of nanosilica/modified nanosilica in short nylon fibre/HDPE composite is
described in Section 6 B. Mechanical properties, thermal stability, crystallization studies
and dynamic mechanical analysis of the nano-micro hybrid composites were evaluated.
The properties vary with the presence of silca, modified silica, fibre loading and maleic
anhydride treatment.

The summary and conclusions of the study are given in Chapter 7.
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Chapter 1
Introduction

The properties of polymer products are determined by their chemical structures,
as well as processing steps and can be well tuned with additives. A number of additives
such as fibrous or particulate fillers, antioxidants, colorants, processing aids etc. are used
in engineering novel structures. The use of glass fibres to reinforce polymers such as
polypropylene and polyamides in engineering applications is a well known example.
Usually, fibrous loading levels range from 20 to 50 weight percent in engineering
products. However due to the addition of this much filler the advantages of polymers over
metals such as: ease of processing and low density has to be compromised at least to
some extent.

In the current era of *Nanotechnology’, expectations are running high
concerning the use of nanosized additives to obtain fantastic performance even at low
loadings. Nanoclays and carbon nanotubes {CNT) are the most widely employed nano
filers. Groundbreaking work was done at Toyota' by dispersing nanoclay in nylon-6 via
in-situ polymerization of caprolactam. After that scientists are trying to disperse nano-
particles in polymers. At the IUPAC meeting in Paris (July, 2004), it was concluded? that
real benefits of “nano-effects” in the polymer domain are still to be expected, if any. Many
attempts were reported to disperse nanoclays and CNTs directly in polymer melts; but
with only very littile success. In many cases for nanocomposites the melt-viscosity
increases and hence processibility decreased due to agglomeration and even entangling
(for CNTs) of the nanoparticles.? As stated above, the properties of polymers are not
determined by the chemical structure alone but equally well by the processing step and
the use of additives to tune or boost the performance further. The use of smart additives
will be the prime topic in the forthcoming decades and the use of nano-sized silica
particles along with micro sized fibres as described in the thesis is likely to be a potential
modifier.
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The present study aims to investigate the use of synthesized nanosilica for
modifying polymer based and polymer short fibre based nanocomposites to widen the
spectrum of application of the polymer. A brief introduction to the subject is presented in
this chapter. An outline of the principal objectives of the work is given at the end of the
chapter.

1.1 INTRODUCTION

Polymers have played an important role since the beginning of life. DNA, RNA,
proteins and polysaccharides are the well-known natural polymers which play a vital role
in plant and animal life. Natural polymers have been exploited as materials for providing
clothing, weapons, shelter, writing materials and other requirements. In the nineteenth
century, natural polymers were modified to meet technical requirements and classical
examples are nitrocellulose, cellophane and natural rubber. The fact that natural rubber
(cis-polyisoprene) could be cross-linked (vulcanized) with sulphur (Goodyear 1847)
stimulated the development of the rubber industry with useful products such as tyres for
cars. The lack of supply of natural rubber during World War Il from Indonesia, Malaysia,
etc. to USA and Europe, triggered in fact the start of the synthetic rubber industry, based
on synthetic polymer molecules such as SBR (Styrene-Butadiene Rubber). After
Staudinger introduced the concept of polymers as chain molecules in the 1920s,
synthetic polymer molecules have been made in the first half of the 20 century, e.g. the
polyamides (nylons) by Carothers at DuPont, but with limited commercial success. The
synthetic polymer (plastic) industry took really off the ground in the 1950s when Ziegler
and Natta invented catalyst systems to produce stereo regular polymers such as
(isotactic) polypropylenes and (linear) polyethylenes. The impact of their invention has
been major as evidenced by a production volume of approx. 35 million tonnes/annum of
polypropylene, viz. 7 kg per capita per annum!

A composite material can be designed when it is often desirable to have some of
the properties of one material coupled with some of the properties of another material.
Composites are prevalent in both nature and among engineered materials. When one
breaks a rod of metal the polycrystalline nature becomes evident in the roughness of the
surface of the break. The rocks, such as sandstone are aggregates of grains; some other
rocks, such as granite, are aggregates of crystals. The study of composites in a
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geological context is important to the oil industry and for the study of earthquakes.
Construction materials such as wood and concrete are composites. Bone is a porous
composite. Fibreglass and lightweight carbon fibre composites have found applications
ranging from the aerospace industry to sports equipment.

Colloidal suspensions, emulsions, foams, slurries, and clays are all examples of
composites. Clouds, fog, mist, and rain are composites of air and water. High-altitude
clouds are composites of air and ice crystals. Suspensions of volcanic dust in the upper
atmosphere are known to significantly perturb temperatures around the earth. Air itself is
an inhomogeneous medium with fluctuations in density that cause the twinkling of stars.
Sea ice is a composite of ice and brine pockets, and modeling of its properties is
important in global climate prediction. Solid rocket propellant is a composite of aluminum
particles in an oxidizing matrix. Even chocolate chip ice cream is a composite. Basically,
composites are materials that have inhomogeneities on length scales that are much
larger than the atomic scale (which allows us to use the equations of classical physics at
the length scales of the inhomogeneities) but which are essentially (statistically)
homogeneous at macroscopic length scales or at least some intermediate length scales.

1.2 THERMOPLASTIC MATRIX FOR COMPOSITE PREPARATION

The matrix in reinforced plastics may be either a thermosetting or thermoplastic
resin. The maijor thermosetting resins used in conjunction with glass-fibre reinforcement
are unsaturated polyester resins and, to a lesser extent, epoxy resins. These resins have
the advantage that they can be cured (cross-linked) at room temperature, and non-
volatiles are liberated during curing.

Thermoplastics (or simply plastics} account for 70 percent of ali polymers
produced. Depending on the intrinsic properties, applications, volume and use,
thermoplastics are further classified into:

Commodity Plastics

Comprising the four major large volume plastics: poly(ethylene) (PE), poly(propylene)
(PP), the combination of the latter two are often referred to as polyolefins, poly(vinyl
chloride) (PVC) and poly(styrene) (PS).
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Engineering Plastics

Comprising the polymers possessing usually a better high temperature performance
compared with the commodity plastics such as polyamides (Nylons), polyesters such as
poly(ethylene terephthalate) (PET) and poly(butylene terephthalate) (PBT),
poly(carbonate) (PC), poly(methy! methacrylates) (PMMA), poly(phenylene ether) (PPE)
etc.

Specialty Polymers

High performance engineering (HPE) thermoplastics such as poly{ether sulfone) (PES)
and poly(ether ether ketone) (PEEK), intrinsic conducting polymers, etc.

The division of current polymers in the three categories mentioned above is,
however, subject to change. For example the strong growth of PET in the past decades,
notably in bottle applications, gives this polymer a commodity status. The same applies to
some extent to poly(carbonate). in general Engineering Plastics show a trend towards
commoditization, both in terms of volume and market price.

Various thermoplastics have been used as matrices for reinforcements.
Typically, the matrix has considerably lower density, stiffness and strength than those of
the reinforcing material, but the combination of matrix and reinforcement imparts high
strength and stiffness, while still possessing a relatively low density. In a composite the
matrix is required to fulfili the following functions:

» To bind together the reinforcements by virtue of its cohesive and adhesive
characteristics

* To protect them from environments and handling.
= Todisperse and maintain the desired orientation and spacing of the filler.

» To transfer stresses to the filler by adhesion and/or friction across the interface
when the composite is under load, and thus to avoid any catastrophic
propagation of cracks and subsequent failure of the composites.

* To be chemically and thermally compatible with the reinforcing fillers.

» To be compatible with the manufacturing methods which are available to
fabricate the desired composite.
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Thermoplastic matrices were developed to provide cheaper alternative to
thermosets and to improve the upper use temperature of polymer matrix composites.
Thermoplastics readily flow under stress at elevated temperatures, so allowing them
to be fabricated into the required component; solidifies and retains their shape when
cooled to room temperature.* These polymers may be repeatedly heated, fabricated
and cooled and consequently scrap may be recycled. Unlike thermosets,
thermoplastics are not cross-linked, and can therefore melt. They derive their
strength and stiffness from the inherent properties of the monomer units and the very
high molecular weight. They are semi crystalline or amorphous in nature.
Thermoplastics have superior toughness to thermosets. Among thermoplastic resins
used as the matrix in reinforced plastics, the largest tonnage group is the polyolefins,
followed by nylon, polystyrene, thermoplastic polyesters, acetal, polycarbonate, and
polysulfone. The choice of any thermoplastic is dictated by the type of application, the
service environment, and the cost.

1.2.1 Polypropylene

Polypropylene was first introduced in 1957. It was the Italian company Montecatin
that succeeded in this polymerization. It is the lightest of the common plastics (specific
gravity of about 0.9) has a higher softening point, lower shrinkage and immunity to stress-
cracking. PP is made by the polymerization (by Ziegler process) of propylene monomer
obtained from the cracking of petroleum products.5 Presence of a methyl group attached
to alternate carbon atom on the chain backbone can alter the properties of the polymer.
Based on that the polymer can be made in isotactic (crystallizable) PP (i-PP), syndiotactic
or atactic (noncrystallizable), PP (a-PP) forms (Figure 1.1).

Semicrystalline PP is a thermoplastic material containing both crystalline and
amorphous phases. The relative amount of each phase depends on structural and
stereochemical characteristics of the polymer chains and the conditions under which the
resin is converted to final products such as fibres, films, and various other geometric
shapes during fabrication by extrusion, thermoforming, or moulding.
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leotactic

Syndiotactic

Atactic

Figure 1.1: Stereochemical configurations of polypropylene

Polypropylene has excellent and desirable physical, mechanical, and thermal
properties when used in room-temperature applications. It is relatively stiff and has a high
melting point, low density, and relatively good resistance to impact. These properties can
be varied in a relatively simple manner by altering the chain regularity (tacticity) content
and distribution, the average chain lengths, the incorporation of a co-monomer such as
ethylene into the polymer chains, and the incorporation of an impact modifier into the
resin formulation. Isotactic PP has a melting point of about 165 °C and has excellent
electrical properties, chemical inertness and moisture resistance.® PP is moulded into
films, hollow ware, toys, bottles, automotive components, disposable syringes, battery
cases, rope, carpeting ete.’
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1.2.2 High density polyethylene

Polyethylene is a wax like thermoplastic softening at about 80-130° C with a
density less than that of water. It is tough but has moderate tensile strength, is an
excellent electrical insulator and has very good chemical resistance. The mechanical
properties are very dependent on the molecular weight and on the degree of branching of
the polymer.

High density polyethylene (Linear) (Figure 1.2} can be produced in several
ways, including radical polymerization of ethylene at extremely high pressures, co-
ordination polymerization of ethylene and polymerization of ethylene with supported
metal-oxide catalysts. Typical linear polyethylene’s are highly (over 90%) crystalline
polymers, containing less than one side chain per 200 carbon atoms in the main chain.
Melting point is near 127°C and density is in the range of 0.95- 0.97g/cmd.

r -
Hz Hz H2 H2
\C/ \C) \c’ \C/ \CH
Ha, H, H, H, ’
- Jn

Figure 1.2: Molecular structure of HDPE

It is a colorless odorless tough waxy solid. Water absorption is less than 0.005%
and it is insoluble in any solvent at room temperature but dissolves in many of the
solvents above 100 °C. its molecular weight ranges between 100,000 and 200,000. Most
of the differences in properties between branched and linear polyethylene can be
attributed to the higher crystallinity of the latter polymers, linear polyethylene’s are
decidedly stiffer than the branched material and have a higher crystalline melting point
and greater tensile strength and hardness. The good chemical resistance of branched
polyethylene is retained or enhanced, and such properties as low-temperature britleness
and low permeability to gases and vapors are improved in the linear material.

About 40% of the HDPE is used for the production of bottles and other
containers by blow moulding. About 25% is used in the injection moulding of crates, pails,
tubs, caps and closures and house wares.  Other major uses are described below.
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The high molecular weight HDPE with frictional meit indices are used in the
manufacture of carrier bags, garbage bag, drum and pipe.

Medium molecular weight varieties (Mw=2.5 x 10°) find applications as wrapping
paper, grease proof paper for meat and flowering package.

HDPE is used for the manufacture of pipes from 25 mm to 800 mm diameter for
transport of water and chemicals.

Used for making sheets for lining of chemical vessels and tank ducting for air
conditioning, extraction of dust, fumes, humidification, for fabricating chimneys
and large diameter pipes, vacuum forming of a variety of products.

For making of monofilaments for fishing nets, tugs, ropes, twines, chemical
fillers, woven or knotted sacks, sport netting, mosquito nets and curtain fly
screens, fabrics for furniture cane for furniture etc.

HDPE is preferred, when higher mechanical abuse, higher tear, temperature
resistance, tensile and shear strength are required. It is used as coating on
paper.

HDPE is used for making cups and saucers, plates, dishes, safety helmets,
housing for electric plugs, battery casing, toys and display boxes.

Simitar end-uses with advantage of better rigidity, better resistance to breaking,

better surface appearance and stability at boiling water temperatures. It could therefore
supply both the specialty and the commodity. The expected annual growth rate of HDPE
is 4% and about 40-50% of the annual global market size for the Philips catalyst is used
for the production of HDPE.

1.3 CLASSIFICATION OF COMPOSITES

Composites can be classified in different ways according to

a.
b.

C.

The occurrence of the composites - natural, synthetic
The matrix material - metal (MMC), ceramics (CMC), polymer (PMC)

The form of their structural components - fibrous (fibres in a matrix), laminar
{layers of materials) and particulate (particles in a matrix)
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d. The size of the constituents - macro (>10m), micro (10-6-10®m) and nano
(10Sm).

Fibre reinforced composites contain reinforcements having lengths higher than
cross sectional dimension. Fibrous reinforcement represents physical rather than a
chemical means of changing a material to suit various engineering applications.® These
can be broadly classified as shown in figure 1.3.

Fibre reinforced composites

|

Single layer Multi layer
| I
Continuous Discontinuous Laminate Hybrid
I |
Unidirectional Bidirectional Oriented Random

Figure 1.3: Classification of fibrous composites

Composites in which the reinforcements are discontinuous fibres or whiskers can
be produced so that the reinforcements have either random or biased orientation.
Material systems composed of discontinuous reinforcements are considered single layer
composites. The discontinuities can produce a material response that is anisotropic, but
in many instances the random reinforcements produce nearly isotropic composites.
Continuous fibre composites can be either single layer or multilayered. The single layer
continuous fibre composites can be either unidirectional or woven, and multitayered
composites are generally referred to as laminates. The material response of a continuous
fibre composite is generally orthotropic. Schematics of both types of fibrous composites
are shown in figure 1.4.
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Reinforcing fibre in a single layer composite may be short or long based on it's
over all dimensions. Composites with long fibres are called continuous fibre
reinforcement and composite in which short or staple fibres are embedded in the matrix
are termed as discontinuous fibre reinforcement (short fibre composites). In continuous
fibre composites fibres are oriented in one direction to produce enhanced strength. In
short fibre composites, the length of short fibre is not too high to allow individual fibres to
entangle with each other nor too small for the fibres to loss their fibrous nature. The
reinforcement is uniform in the case of composites containing well dispersed short fibres.
There is a clear distinction between the behavior of short and long fibre composites.

Random liber Biased fiber Unidirectional Laminaled
orientation criartalion
Discorinuous fiber composites Continuous liber compasites

VoY

woven

Figure 1.4. Schematic representation of fibrous composite

A laminate is fabricated by stacking a number of laminae in the thickness direction.
Generally three layers are arranged alternatively for better bonding between
reinforcement and the polymer matrix, for example plywood and paper. These laminates
can have unidirectional or bi-directional orientation of the fibre reinforcement according to
the end use of the composite. A hybrid laminate can also be fabricated by the use of
different constituent materials or of the same material with different reinforcing pattern. In
most of the applications of laminate composite, man made fibres are used due to their
good combination of physical, mechanical and thermal behavior.
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Composite materials incorporated with two or more different types of fillers
especially fibres in a single matrix are commonly known as hybrid composites.
Hybridisation is commonly used for improving the properties and for lowering the cost of
conventional composites. There are different types of hybrid composites classified
according to the way in which the component materials are incorporated. Hybrids are
designated as i) sandwich type ii} interply iii) intraply and iv} intimately mixed.® In
sandwich hybrids, one material is sandwiched between layers of another, whereas in
interply, alternate layers of two or more materials are stacked in regular manner. Rows of
two or more constituents are arranged in a regular or random manner in intraply hybrids
while in intimately mixed type, these constituents are mixed as much as possible so that
no concentration of either type is present in the composite material

The particulate class can be further sub divided into flake (flat flakes in a matrix) or
skeletal (composed of a continuous skeletal matrix filled by a second material)

A composite whose reinforcement is a particle with all the dimensions are
roughly equal are called particulate reinforced composites. Particulate fillers are
employed to improve high temperature performance, reduce friction, increase wear
resistance and to reduce shrinkage.? The particles will also share the load with the
matrix, but to a lesser extent than a fibre. A particulate reinforcement will therefore
improve stiffness but will not generally strengthen.

A particulate composite is characterized as being composed of particles
suspended in a matrix. Particles can have virtually any shape, size or configuration.
There are two subclasses of particulates: flake and filled skeletal: A flake composite
is generally composed of flakes with large ratios of platform area to thickness,
suspended in a matrix material. A filled/skeletal composite is composed of a
continuous skeletal matrix filled by a second material (Figure 1.5).

@ ® ¥ D Q 0 | .\-
® @@ ® e P/ QN ~ o,/
Gieneral particulate Flake Filled/skeletal

Figure 1.5: Schematic representation of particulate composite
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1.4 SHORT FIBRE REINFORCED THERMOPLASTIC COMPOSITES

Fibre reinforced composites consist of fibres of high strength and modulus
embedded in a matrix with distinct interfaces between them. Fibre reinforcement
improves the stiffness and the strength of the matrix. In the case of polymers that are not
tough in the non-reinforced form, the toughness may also increase.!" The fibre reinforced
composites exhibit anisotropy in properties. The maximum improvement in properties is
obtained with continuous fibre reinforcement. However, short fibre reinforced composites
offer many advantages like ease of fabrication, low production cost and possibility of
making complex shaped articles, over continuous fibre reinforcement. The performance
of the composite is controlled by the fibres and depends on factors like aspect ratio,
orientation of fibres and fibre-matrix adhesion. Discontinuous fibre reinforced composite
form an important category of materials used in engineering applications. The use of fibre
reinforced plastics (FRP) composites for the production of rebars and pre stressing
tendons in civil engineering and transportation applications are becoming increasingly
important in recent years. 2

Major constituents in a fibre reinforced composite material are the reinforcing fibres
and a matrix, which act as a binder for the fibres. Coupling agents and coatings used to
improve the wettability of the fibre with the matrix and fillers used to reduce the cost and
improve the dimensional stability are the other commonly found constituents in a
composite.

Fibre-reinforced polymer composites are used in variety of applications
such as aircraft, space, automotive, sporting goods, marine, infrastructure,
electronics {printed circuit boards), building construction (floor beams), furniture
(chair springs), power industry (transformer housing), oil industry (offshore oil
platforms), medical industry (bone plates), oxygen tanks etc. Thermoplastic
polymer composites are attractive because the addition of short fibres to the
thermoplastic results in some very cost effective property improvements whilst
retaining the processability of the thermoplastic. The potential to be easily
repaired and/or re-shaped makes them easier to recycle and reuse compared
with thermosetting matrix composites. The short fibre thermoplastic composite is
manufactured by mixing prechopped fibre with thermoplastic in a twin-screw
compounding extruder or internal mixer. In this case, some fibre breakage occurs
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during processing and moulding so the lengths will be further reduced. The most
effective technology is to introduce the continuous roving at a venting port directly
into the molten thermoplastic. The high shear in the extruder ensures the fibre
and plastic are intimately mixed; in this type of materials the fibres are dispersed
as individual filaments instead of bundles or strands. The compound is then
extruded through a ‘spaghatti’ die then either chilled & chopped into pellets or
chopped directly with a hot face cutter. The resultant pellets are dried and
injection moulded to get the product. They are typically about 4 mm in diameter
and length and contain up to 30% by volume of fibre (up to 50% by weight
according to the density of the polymer).

Passing continuous roving through liquid polymer using a fluidized bed of
polymer powder or a crosshead die on an extruder makes the long fibre
composite. This is then passed through a die to force the polymer to infiltrate the
roving. Finally it is chopped into pellets, typically 10 mm long and 4 mm in
diameter. When moulded, some fibre breakage occurs but the overall fibre length
distribution will be much higher than for the short fibre material. This allows
greater reinforcement efficiency to be attained, together with greater relative
toughness.

In amorphous materials, heating leads to polymer chain disentanglement
and a gradual change from a rigid to a viscous liquid. In crystalline materials,
heating results in the sharp meiting of the crystalline phase to give an amorphous
liquid. Both amorphous and crystalline polymers may have anisotropic properties
resulting from molecular orientation induced during processing and solidification.
In composite systems, however, the properties are largely depending on the
character of the filler reinforcement.

The attraction of short fibre composites are the enhanced mechanical
properties and good processability. Stiffness is enhancement is depend on the
stifiress of the fibre used, the fibre fraction, the length distribution and the
orientation achieved in the moulding. Strength is also enhanced but not as much
as the stiffness; this is due to a reduction in the fracture strain. This low fracture
strain, often only 1-2%, is some times an embarrassment but the impact energy
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is often enhanced by fibre reinforcement. There are two further important effects:
the heat distortion temperature is raised and the coefficient of thermal expansion
is reduced. This allows the fibre reinforced grade to be utilized at higher service
temperatures, reduces in-mould shrinkage and generally improves dimensional
stability. Dimensional stability is very important for intricate components, which
need to be manufactured to close tolerances. Some typical properties are given
in table 1.1.

Table 1.1: Typical properties of selected short fibre reinforced thermoplastics

Polymer Fibre Vi | E(GPa) (nga) Cha(rz n:r_r:;;act }(-10[:;1)'
zo:ypropy:ene None 0 19 39 27 60
Poiypro%y eeng Glass | 0.20 75 110 8.0 155
Polyamrde 66 None | O 3.2 105 >25 100
Pglzgrmn;d: 6.6 Glass ( 020 | 10 230 40 250
Polycarbonate Carbon 020 | 20 250 10 255
Polyoxymethylene Glass | 020 | 9.0 | 135 40 160
Polyphenylenesulphide | 1258 | 020 | 90 | 140 9.0 165
Polyphenylenesulphide | 5188 | 020 [ 11| 155 20 263
Poly ether ether Carbon | 0.20 17 185 20 263

Carbon | 0.20 16 215 ) 310
ketone

E= Young's modulus, X1 = Tensile strength, HDT= Heat distortion temperature

These polymer composite systems are often termed ‘engineering
compounds’ because their mechanical properties extend beyond the commodity
levels expected from bulk polymers and they are used in multicomponent
compounds for specific applications. Compounds may include colorants, viscosity
modifiers, stabilizers, matrix modifiers, interfacial bond enhancers or secondary
fillers.

The commodity polymers are typically used in combination with short
fibre reinforcement Mineral fillers are also commonly used in lower performance
applications. E-glass fibres are used in the vast majority of reinforced injection
moulding compounds on cost grounds, but carbon fibres (usually high strength
type) and Kevlar type fibres may be compounded for specialist applications.
Conductive fibres such as steel are used to impart dielectric preoperties.
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At the turn of the century several promising projects in industry concerning the
development of novel plastics, e.g. the polyketones at Shell, were terminated. It becomes
increasingly difficult to introduce new polymers in the market in view of the general trend
of commoditization with a strong focus on cost reduction by increasing the scale of
operations, €.g. polyolefin plants with a capacity up to 500 kilotonnes per annum. The
world of plastics has seemingly become mature and no new polymers with market
potential for engineering applications are expected in the coming decades.?
Consequently, the focus is on exploring the ultimate performance of existing polymers.

1.4.1 Fibre Reinforcements used in composites

Fibres are the principal constituents in a fibre-reinforced composite material. They
occupy the largest volume fraction in a composite laminate and share the major portion of
the load acting on a composite structure. Proper selection of the fibre type, fibre volume
fraction, fibre length, and fibre orientation is very important, since it influences the density,
tensite strength and modulus, compressive strength and modulus, fatigue strength as well
as fatigue failure mechanisms, electrical and thermal conductivities and cost of a
composite. Reinforcements are of two types-synthetic and natural.

1.4.1.1. Synthetic fibres
a. Glass fibres

The attempt to use glass fibre as an apparel material was highlighted at the
Columbian Exposition in Chicago in 1893, It was the second man-made fibre, next to
rayon, to be of commercial importance. Glass fibre is the best known reinforcement in
high performance composite applications due to its appealing combination of good
properties and low cost. The major ingredient of glass fibre is silica which is mixed with
varying amounts of other oxides. The different types of glass fibres commercially
available are E and S glass. The letter 'E’ stands for ‘electrical’ as the composition has a
high electrical resistance and 'S stands for strength.’31415 Chopped strands ranging in
length from 3.2 to 12.7 mm (0.12 5-0.5 in.) are used for making short glass fibre
composite in injection-moulding operations.

b. Carbon fibres

Carbon fibres are commercially manufactured from three different precursors -
rayon, polyacrylonitrile (PAN) and petroleum pitch. They have high tensile strength—



Chapter 1

weight ratios, very low coefficient of linear thermal expansion (which provides
dimensional stability in such applications as space antennas}, high fatigue strengths, and
high thermal conductivity. Their high cost has so far excluded them from widespread
commercial applications. They are mainly used in aerospace industry due to its
outstanding mechanical properties combined with low weight.

c. Aramid fibres

Aramid fibres are highly crystalline aromatic polyamide fibres that have the lowest
density and the highest tensile strength-to-weight ratio among the current reinforcing
fibres. Kevlar is the trade name of aramid fibres available in market. They are used in
many marine and aerospace applications where lightweight, high tensile strength, and
resistance to impact damage. The major disadvantages of aramid fibre-reinforced
composites are their low compressive strengths and difficulty in cutting or machining

d. Polyolefin’s

The most common example of high strength polyolefin fibre is ultra high
molecular weight polyethylene (UHMWPE). The potential applications of polyolefin
fibres include ballistic protection and sporting goods.

Table 1.2: Mechanical properties of some mineral and synthetic fibres
[Ref: Bledzki A. K.and Gassan J., Prog. Polym. Sci. {1999) 24: 221]

Fibre Sp. Tensile Young's Strain to
Gravity strength{GPa) Modulus(GPa) Failure (%)
Nylon 66 1.14 1.10 5.52 18
Kevlar 49 1.45 3.62 131 28
E-Glass 2.54 3.45 724 438
Carbon 1.76 3.20 86.9 14
Aramid 1.40 3-3.15 6.3-6.7 3337

1.4,1.2. Natural fibres

One of the major renewable resource materials throughout the world is natural fibres.
There are about 2000 species of useful fibre plants in various parts of the world and these are
used for many applications. Jute, sisal, hemp, remi, sisal, coconut and coir, the major source
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of natural fibres, are the examples of natural fibres. Some of them have aspect ratios >1000
and can be woven easily. Recently polymer composites are prepared by replacing the more
expensive and non-renewable synthetic fibres.

Natural fibres are classified into three major types as animal fibres, vegetable fibres
and mineral fibres. All animal fibres such as silk, wool and mohair are complex proteins.
They are resistant to most organic acids and to certain powerful mineral acids. They
constitute the fur or hair that serves as the protective epidermal covering of animals. Silk
is an exception to this, which is extruded by the larvae of moths and insects and is used
to spin their cocoons. It is the only fitament that commonly reaches a length of more than
1000 m. Several silk filaments can be gathered to produce textile yarn and staple form is
used to manufacture spin yarmns. Naturally crimped wool fibres produce air trapping yarns
that are used for insulating materials. An important class of naturally occurring mineral
fibre is asbestos.

Natural fibre composites have following advantages

1. They are environment-friendly, that is they are biodegradable, energy
consumption to produce them is very small.

2. The density of natural fibres is in the range of 1.25-1.5 g/cm3 compared with
2.54g/cm? for E-glass fibres and 1.8-2.1 g/cm? for carbon fibres.

3. The modulus-weight ratio of some natural fibres is greater than that of E-glass
fibres, which means that they can be very competitive with E-glass fibres in stiffness-
critical designs.

4. Natural fibre composites provide higher acoustic damping than glass or carbon
fibre composites, and therefore are more suitable for noise attenuation, an increasingly
important requirement in interior automotive applications.

5. Natural fibres are much less expensive than glass and carbon fibres.
1.4.2 Reinforcing Mechanism of Short Fibres

The reinforcing mechanism of fibre in a unidirectional composite can be explained
as follows. The composite satisfies the equation 1.1 when a tensile or compressive load
is applied parallel to the fibre direction. This equation is applicable under perfect
conditions of adhesion between fibre and matrix.'6
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£, =&,=¢ 1.1

n

where € ¢, €1 and £  are the strain in composite, fibre and matrix respectively. If it is
assumed that both fibres and matrix behave elastically, then the following equations ¢an
be applied.

o'..:EVE,‘. 1.2

o =F ¢ 1.3

o-c = o-m = o-f
Ac_ Aﬂ! B /El’ 14

where 0. 0 s and 0 n are stress developed in composites, fibre and matrix
respectively. Similarly, E.. E; and En are the modulus of composites, fibre and matrix
respectively. Generally E: is greater than E and so the stress in the fibre is greater than
that in the matrix. Thus the fibre can bear a major part of the applied load. In the analysis
of long fibre-reinforced composites, any effect associated with fibre ends are neglected.
But in the case of short fibre reinforced composites, the end effects become progressively
significant due to the decrease in aspect ratio of the fibre. This result in the reduction of
fibre efficiency in reinforcing the matrix and also causes an early fracture of the
composite.

Hence

Consider an oriented fibre composite in which fibres are aligned parallel to the
direction of application of force. A single fibre is embedded in a matrix of lower modulus.
Imagine perpendicular lines running through the fibre-matrix interface in a continuous
manner in the unstressed state as shown in the figure 1.6b. The matrix and the fibre will
experience different tensile strains because of their different moduli. When the composite
is loaded axially, the longitudinal strain in the matrix will be higher than that in the
adjacent fibre due to lower modulus of the former. When force is applied, the imaginary
vertical lines in the continuous fibre composite will not be distorted (Fig.1.6a). But these
lines in short fibre composite will be distorted as in figure 1.6¢ because at the region of
fibre ends, the matrix will be deformed more than that in the region along the fibre. This
difference in the longitudinal strains creates a shear stress distribution around the fibres
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in the direction of the fibre axis and so the fibre is stressed in tension. The applied load is
transferred from matrix to fibre across the interface because of this shear stress
distribution.

When mechanical force is applied to the polymeric matrix, it spreads smoothly
through the matrix until it reaches the matrix- fibre interface. If the interface is well
bonded, the stress is transferred across it into the fibre and then spread throughout the
fibre. This process occurs at all the fibre-matrix interfaces in the composite. Thus it is
obvious that load will be transferred to the fibre only if the interface is strong and a perfect
bond exists between the two constituents. Hence strong interface is a must for high
reinforcing efficiency.
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1.6a Continuous fibre composite deformed

1.6b.Short fibre composite un-deformed

1.6¢ Short fibre composite deformed

Figure 1.6: Effect of stretching force on the strain around long and short fibre in a low modulus
matrix
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1.5 NANOCOMPOSITES

The materials made of two or more phases one of which has at least one dimension
in a nanometric size range are called nanocomposites.!” Particles in nanometer region
are about 100-1000 times the size of a typical atom. The phases may be inorganic-
inorganic, inorganic-organic or organic-organic and the resulting material may be
amorphous, crystalline or semi-crystalline.'® The concept of enhancing properties and
improving characteristics of materials through the creation of multiple-phase
nanocomposites is not recent. The idea has been practiced ever since civilization started
and humanity began producing more efficient materials for functional purposes. In
addition to the large variety of nanocomposites found in nature and in living beings (such
as bone), an excellent example of the use of synthetic nanocomposites in antiquity is the
constitution of Mayan paintings developed in the Mesoamericas. Characterization of
these painting samples reveals that the structure of the paints consisted of a matrix of
clay mixed with organic colorant (indigo) molecules. They also contained inclusions of
metal nanoparticles encapsulated in an amorphous silicate substrate, with oxide
nanoparticles on the substrate.' Bone is an excellent example of a self-healing biological
nanocomposite in which an organic host phase is formed, followed by highly regulated
mineralization processes. The basic structure of bone is a mineralized collagen fibril
(matrix) consisting of on average 65% mineral (hydroxyapalite crystals), the remainder
being organic material and water. Nanocomposites display new and some times
improved mechanical, electronic, catalytic, optical and magnetic properties not exhibited
by the individual phases or by their macrocomposite and microcomposite counterparts.
The basic reason for this improvement is not completely understood. However, scientists
believe it is related to confinement. “Quantum size" effects, and some times coloumbic
charging effects originating from the ultrafine sizes, morphology, and interfacial
interactions of the phases involved. 2222 The outstanding reinforcement of
nanocomposite is primarily attributed to the large interfacial area per unit volume or
weight of the dispersed phase. The nanolayers have much higher aspects ratio than
typical microscopic aggregates.?2

The major advantages of nanocomposites over conventional composites are:
1. Lighter weight due to low filler loading

2. Low cost due to fewer amount of filler use
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3. Improved properties such as mechanical, thermal, optical, electrical, barrier efc.,
compared with conventional composites at very low loading of filler.

Three types of nanocomposites can be distinguished depending upon the number of
dimensions of the dispersed particles in the nanometer range.2® as follows,

1. Nanocomposites that can be reinforced by isodimentional nanofiliers which have
three dimensions in the nanometer range. Eg:-Spherical silica nanoparticles
obtained by in-situ sol-gel methods or by polymerization promoted directly from
their surface %6.27.28

2. Nanocomposites which can be reinforced by fillers which have only two
dimensions in the nanometer scale. Eg:- Carbon nanotube or cellulose
whiskers.?

3. The reinforcing phase, in the shape of platelets, has only one dimension on a
nano level. Eg:- Clays and layered silicates.

Polymer based organic/inorganic nanocomposites have gained increasing attention
in the field of materials science 3332 Effect of acrylic polymer and nanocomposite with
nano-SiO; on thermal degradation and fire resistance of ammonium polyphosphate-
dipentaerythritol-melamine (APP-DPER-MEL) coating was studied by Zhenyu and co
workers.3 Effect of microstructure of acrylic copolymer/terpolymer on the properties of
silica based nanocomposites prepared by sol-gel technique was studied by Patel et al 3
Bandyopadhyay et al*®® studied the reaction parameters on the structure and properties of
acrylic rubber/silica hybrid nanocomposites prepared by sol-gel technique.

1.6 SILICA

Silicon dioxide or Silica (Si0») is one of the most abundant oxide materials in earth's
crust. !t exist both in the pure state and in silicates, (e.g., in quartz, agate, amethyst,
chalcedony, flint, jasper, onyx and rock crystal), opal, sand, sandstone, clay, granite and
many other rocks. Usually it is insoluble in water, slightly soluble in alkalies and soluble in
dilute hydrofluoric acid. It's pure form is colorless to white. It exists in two forms,
amorphous and crystalline (quartz, tridymite, cristobalite). In crystalline form, the
structures are characterized by tetrahedral configuration of atoms within the crystals,
whereas in the amorphous form, the SiO, (silicate) subunits show no regular lattice
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pattern. In silicon dioxide, silicon atom uses d orbitals for bonding and hence SiO;
exists as infinite three-dimensional structures and it is a high melting solid.% The
amorphous silica absorbs about 4% moisture and can be represented as SiO;.nH;0.
It consists of silicon and oxygen arranged in a tetrahedral structure. Surface silanol
concentration (silanol groups -Si-O-H) influence the degree of hydration. A general
silica structure is depicted in figure |. 7.
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Figure I. 7: Surface of silica
1.6.1 Production of silica

Two methods have been used in preparing nanoscale silica: the gas phases (or
the drying method) and the deposition preparation method {or the wet method).

The principle of the gas-phase method is burning the silica precursor under an
atmosphere of pure hydrogen gas and purified air (oxygen). This burning process is
shown below: colloidal pyrogenic silica is produced by reaction of silicon tetrachloride at
high temperatures with water

2CH; SiCl3+50,+ 2H; — 28i0,+ 6HCI+2C0,+2H,0
SiClg+2H2+0, — SiO+4HCI

The reaction products are quenched immediately after coming out of the burner.
Pyrogenic silica is too active and expensive.¥” Fumed or pyrogenic silica is sificon dioxide
containing less than 2% combined water.

The second method (wet method ) is to aggregate the nanoparticles with a
depositing reagent such as ammonia or amine. First, a precursor of either Na,SiO; or
CaSiO; is used to prepare nanoparticles of silica by reaction with hydrochloric acid.
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Acidification of alkali silicate solutions under controlled conditions produces precipitated
silica.*

NazSiO; + 2HCI — 2NaCl + H,0 + Si0O;

Precipitated silica is silicon dioxide containing about 10-14% water. They are
reinforcing fillers giving composites of high tensile strength, tear resistance, abrasion
resistance and hardness.

The smallest physically observable primary particle for precipitated silica is about
15-20 pm and for fumed silica it is about 15 pm in size. The surface forces of the
small primary particles are so high that many particles agglomerate to form the so
called secondary particles. At present, silica is mainly used in fields such as coatings,
engineering plastics, automobile tyres etc.

1.6.2 Nanosilica

Nanosilica consists of spherical particles having a diameter less than 100 nm. Chemically
speaking, they are made of silicon and oxygen atoms (Figure1.8).
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Figure 1.8: Chemical structure of nanosilica

Although silica was up to now widely used in polymer formulation as additives to
master the system rheology and enhance mechanical properties of the polymers,
nanosilica throws the door wide open for new applications. Silica synthesis evolved
during last decades from thermal hydrolysis of silane resulting in not easily dispersible
aggregated, nanoparticles to sol-gel process resulting in well-defined nanoparticles highly
compatible with the targeted matrix. Processes enabling chemically tuned and well
integrated particles together with the nanoscale effect are a highway to high performance
nanocomposite materials having enhanced mechanical properties and excellent surface
properties.
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1.6.3 Synthesis of Nanosilica

Several methods are used to produce nanosilica from various sources.® A
cheap and environment friendly route towards the synthesis of Polyvinyl
alcohol/nanosilica hybrid composites has been presented by Tapasi et al. This is a sol-
gel method in which the acid plays a catalytic role in enhancing sol-gel condensation of
silicon alkoxides within polyvinyl alcohol. First colicidally stable silica was prepared by the
acid neutralization with an objective to increase the gelation time and decrease rate of
self-condensation of silica. At lower PVA concentration the silica has a tendency to
undergo self-condensation and at higher PVA concentration, co-condensation occurs.

Nanosilica can be synthesized by precipitation method using sodium silicate and
hydrochloric acid in presence of a polymeric dispersing agent. Polyvinyl alcohol, starch
and carboxy! methyl cellulose were found to be good dispersing agent because they are
macromolecules and contain a large number of hydroxy! groups per molecule.

1.6.4 Chitosan

Chitosan (N-glucosamine) is usually obtained by the chemical or enzymatic
deacetylation of chitin (N-acetylglucosamine}*! obtained from the shell of commercially
harvested Arthropoda, such as shrimp, crab etc. Chitin is a homopolymer of 1-4 linked 2-
acetamido-2-deoxy-B-D-glucopyranose with some of the deacetylated glucopyranose
residues (2-amino-2-deoxy-B-D-glucopyranose). Chitin is considered the second most
plentiful biomaterial, following cellulose. Chitin is insoluble in most common solvents,
whereas chitosan dissolves in many common aqueous acidic solutions. Chitosan has
found applications in many areas such as agriculture, paper, textiles, wastewater
treatment, medical & pharmaceutical uses and nutritional dietary additive.*?

Chitosan is a unique basic polysaccharide and most commercial and laboratory
products tend to be a copolymer of N-acetylglucosamine (NAG) and N-glucosamine
repeat units. The ratio of two repeating units depends on the source and preparation of
chitosan, but the glucosamine units predominate. The structure of chitosan is similar to
that of cellulose, except at carbon-2, where the hydroxy group of cellulose is replaced by
an amino group.
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Figure 1.9: Structuraf unit of Chitin, Chitosan and Cellulose

The easy availability and the presence of plenty of hydroxyl groups are the main criteria
for the selection of chitosan as dispersing medium for the preparation of nanosilica.

1.6.5 Use of nanosilica

1.

Nanosilica reinforced with elastomers improves modulus, elongation, tear
strength, and abrasion resistance of the product. They are used in shoes, tires,
pipes etc,

The properties of polymers like flame retardency, barrier properties,
transparency and scratch resistance enhanced by nanosilica.

It is used in drug encapsulation, as catalytical vehicles and supports,
preparations, particular calibration stands, chromatography, other separations
and catalysis

Due to their optimal property, nanosilica is used in battery separators.

In opto-electronics nanosilica is used in protective coatings and encapsulation of
electro-optically active materials.
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6. It has been found that silica aero-gels coated on surface of granular activated
carbon has four times more ability to remove uranium, chromium and arsenic
from water supplies.

7. Nano- sized silica abrasives are being researched for use in chemical-
mechanical polishing of copper, to minimized mechanical stress during polishing
and reduce defects such as surface scratches, copper peeling, dishing and
erosion.

8. Nanosilica filled room temperature vulcanized silicone rubber has higher erosion
resistance, lower hydrophilicity and lesser surface roughness and which is used
as insulators in coastal areas

9. The film of nanosilica known as Xerocoat, when applied to glass/mirror, cuts
unwanted reflections from glass, letting more light through, hence reducing
fogging and improves vision.

10. Adsorption as a carrier for liquid active ingredients (Vitamines A and E and
choline chloride for animals, dispersants and surfactants)

1.7 COUPLING AGENT

The properties of a polymer cannot enhance unless there is a good adhesion
between filler and matrix polymer. The functionality of the filler is controlled by surface
treatments which is used to bond an organic molecule either chemically (covalent bond)
or physically {coating of waxes, starches etc.} to the filler surface. A coupling agent is a
substance that couples or bonds the filler to the polymer matrix.# To do this effectively,
the coupling agent must have a unique structure. On one hand, it must be able to interact
with the filler, which is polar in nature, while on the other hand, it must be compatible with
the nonpolar molecular chains of the polymer.

The use of coupling agents started in early 1940, marketed as Volan A for use in
polyester-glass fibre reinforced plastic. They are now used with particulate fillers like
silica, silicates and clays for use in rubbers.#445 Titanium coupling agents have the
general formula (RO)n-Ti-(OX-R-Y) [eg: isopropy! tri{dioctyl pyrophosphide)titanate).
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Silane coupling agents belong to a class of organosilane compounds having at
least two different types of reactive groups bonded to the silicon atom in amolecule. One
type of the reactive groups (eg: methoxy, ethoxy, silanolic hydroxyl groups etc.) are
reactive with various inorganic materials such as glass, silica, metals, to form a chemical
bond with surface of inorganic filler while the other type of the reactive groups (eg: vinyl,
epoxy, methacryl amino, mercapto etc.) are reactive with various kinds of organic
materials or matrix to form chemical bond.*6 Some of silane coupling agents is given in
table1.3. The type of functional group needed depends on the chemical structure of the
polymer. For polymers that have functional groups present in their backbone, it is easy to
select a silane with a specific organofunctional group with which it will react. For example,
in polyamides, silanes that have amino groups are commonly used. The abundance of
carboxylic acid end groups, present along the polyamide molecular chain, provides
reaction sites for the silane amine groups.

Table 1.3: Silane coupling agents

s Specific
Clas:rr'ﬁcatl Chemical nature Mvc:,l:ict:llta d gravity
g 250¢
Vinyltrichlorosilane ;g;g 1(2)2
Vinyltris{Bmethoxyethoxy)silane 1 90' 3 0'90
Vinylsilane | Vinyltriethoxysilane 1 482 0'97
Vinyltrimethoxysilane ‘ ‘
3-metacryloxypropyl- trimethoxysilane 2484 104
Acryloxy | B-(3 4epoxycyclohexyl)-ethyltrimethoxysilane ggg :gg
r-glycidoxypropyl-trimethoxysilane 2 48. 4 0198
Epoxysilane | r-glycidoxypropyl-methyldiethoxysilane ' ’
N-B{aminoethyl)-r-Aminopropyl-Trimethoxysilane 2224 102
Aminosilane | N-B{aminoethyl)-~-Aminopropyl-
Methyldiethoxysilane 2064 087
3-aminopropyl-Triethoxysilane 2214 0.94
N-phenyl-r-Aminopropyl-rimethoxysilane ' '
Others 2554 1.07
r-mercaptopropyl-trimethoxysilane
r-chloropropyl-trimethoxysilane Bg; :82
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The silane coupling agents are used to improve the performance of fibre
reinforced plastics, paints & surface coatings, adhesives, modification of surface
properties of inorganic fillers etc.’ The modification of nanosilica with silane coupling
agent decreases the agglomeration tendency of nanoparticles.

1.8 HYBRID COMPOSITES

The strength and stifiness of the composite is mainly determined by the reinforcement.
Composite reinforcement may be in the form of fibres, particles or whiskers. Particles have no
preferred directions and are mainly a means to improve properties or lower the cost of
material. The composite development based on reinforcement of two or more different types
of fillers in a single matrix leads to multi-component composites (Hybrid composites) with
a great diversity of material properties. The reinforcement may be different types of fibres,
particulate fillers or both. Research has revealed that the behavior of hybrid composites
appears to be the weigh sum of the individual components in which there is a more
favorable balance between the advantages and disadvantages inherent in any composite
material 8 The properties of hybrid composites are controlied by factors such as nature of
matrix, nature, length and relative composition of the reinforcements, fibre matrix
interface and hybrid design.®® Sisal and glass fibres are good examples of hybrid
composites possessing very good combined properties.5® Due to the superior properties
of glass fibres, the mechanical properties of the hybrid composites increase with increase
in the volume fraction of glass fibres. Thomas et al. have studied the properties of
sisal/sawdust hybrid fibre composites with phenol formaldehyde resin as a function of
sisal fibre loading.®' It was found that mechanical properties like tensile and flexural
strength increased with sisal fibre content. This is due to the fact that the sisal fibre
possesses moderately higher strength and modulus than saw dust. Mishra et al5? studied
the mechanical properties of sisal and pineapple /glass fibre reinforced polyester
composites. They found that the addition of small amount of glass fibres to the pineapple
leaf fibre and sisal fibre reinforced polyester matrix enhanced the mechanical properties
of the resulting hybrid composites. Rozman et al®® studied the tensile and flexural
properties of polypropylene/oil palm/glass fibre hybrid composites and found that
incorporation of both fibres into the polypropylene matrix improved the tensile and flexural
strength by the increasing level of overall fibre loading. Junior et al** used plain weaved
hybrid ramie-cotton fibres as reinforcement for polyester matrix. The tensile behavior was
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dominated by the volume fraction of the ramie fibres aligned in the test direction. Cotton
fibre had a minor reinforcement effect. This was due to the weak cotton polyester
interface as well as poor cotton alignment. Hybrid composites containing glass fibre mat
and coir fibre mat in polyester matrix were prepared by Rout et al.* Hybrid composites
containing surface modified coir fibres showed significant improvement in flexural
strength and reduced water absorption. Sreekala et al®® prepared high performance
phenol formaldehyde composite reinforced with oil paim and glass fibres. It has been
found that there exists a positive hybrid effect for the flexural modulus and unnotched
impact strength. Natural rubber composite reinforced with sisal/oil palm, sisal/coir hybrid
fibres were prepared by Maya et al5” and Haseena et al*® found that the hybridization had
a significant effect in improving the mechanical properties of the natural rubber
composite when compared with the composite containing individual fibres.

The hybrid composites based on particulate fillers and fibres has also been
studied.596061 Synthesis, fabrication, mechanical, electrical, and moisture absorption
study of epoxy polyurethane-jute and epoxy polyurethane-jute-rice/wheat husk hybrid
composites was reported by Mavan et al.®? Jamal and co workers studied the tensile
properties of wood flour/kenaf fibre polypropylene hybrid composites.8 Study on
morphological, rheological, and mechanical properties of PP/SEBS-MA/SGF hybrid
composites was done by Mohseni et al.® Property optimization in nitrile rubber
composites via hybrid filler systems was reported by Nugay.55 Rheological behavior of
hybrid rubber nanocomposite was studied by Bandyopadhyay and co workers.t

1.9 SCOPE AND OBJECTIVES OF THE PRESENT WORK

At present, the area of additives in polymers is ill-defined and often lacks a
proper scientific understanding. In the late 1980s, WuS proposed, for nylon/rubber
composites, that the matrix ligament thickness®® is the single parameter in determining
the improvement in mechanical properties of plastics, especially in semi-crystalline
plastics. However, later it was proven that the cavitations and oriented crystalline layer
around particles are also important parameters. In the mid-1990s, Argon and co-workers
proposed a mechanism based on stress delocalization and debonding which facilitate
plastic stretching for improving both the toughness as well as modulus for inorganic hard-
particle (CaCO;) filled PP and PE,%7 considered for some time to be the holy grail.
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However, the effect of flow was neglected in these studies. The presence of filler particles
affects the structure development during flow (injection moulding). Recently, Schrauwen’!
showed that the improvement in CaCO;-filled PE and PP as observed by Argon and co-
workers is mainly dependent on the flow history and the explanation put forth by Argon
and co-workers does not hold.

During the fast one decade nanoscience and nanotechnology has grown rapidly.
The domain of nanocomposite materials is attracting both academic and industrial
researchers due to the strong reinforcement effects at low volume fraction of nanofillers.
Recent attention has been focused on the suitability of such composites in high
performance application. The concept of short fibre hybrid nanocomposites for load
bearing applications is fairly new. Property enhancements are expected due to higher
Young's modulus of the short fibre reinforcement and finely distributed reinforcing
nanofillers such as nanosilica, carbon nanotube etc. The studies so far reported proved
that utilization of short fibres as reinforcement in polymer composites offer economical,
environmental and qualitative advantages. By incorporating particulate nanofillers along
with short fibres,  high performance hybrid composites can be prepared. They may find
application in automotive, construction and household appliances. However,
thermoplastic hybrid composites based on short fibre and nanofiller has not been
subjected to a systematic evaluation.

Hybridization is commonly used for improving the properties and for lowering the
cost of conventional composites. It is generally accepted that properties of hybrid
composites are controlled by factors such as nature of matrix, nature, length and relative
composition of the reinforcements, fibre matrix interface and hybrid design. The hybrid
composites based on nanofillers and fibres need to be studied in detail. PP is cheap, can
be reprocessed several times without significant loss of properties and can be easily
modified to achieve specific requirements. The service requirements of this thermoplastic
in different areas of application are so wide. In order to compete with standard
engineering plastics such as polyamides, in terms of the high demands on stiffness and
strength, PP has to be reinforced and glass fibres are the major reinforcing elements
used for this purpose. Hence it is proposed to reinforce PP with nano and micro fillers to
generate a new class of hybrid composite. The study is proposed to be extended to
HDPE also. The performances of the hybrid composites can be evaluated by studying
their physical and mechanical properties.
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The salient objectives of the current investigation are to:

-

)
2
3)

synthesize nanosilica by a cost effective method
modify nanosilica surface by a silane coupling agent
develop PP/silica and HDPE/silica nanocomposites

prepare PP/glass fibre/nanosilica and HDPE/glass fibre/nanosilica hybrid
nanocomposites

prepare PP/nylon fibre/nanosilica and HDPE/nylon fibre/nanosilica hybrid
nanocomposites

develop chemically modified PP and HDPE hybrid nanocomposites

investigate the effect of the hybrid fillers on the mechanical (both static and
dynamic), crystallization and thermal characteristics of PP and HDPE
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Materials and Methods

2.1 MATERIALS
2.1.1 Polypropylene (PP)

Polypropylene homopolymer (REPOL H200MA} with a mett flow index of 20g/10
min, was supplied by Reliance Industries Limited, Mumbai.

2.1.2 High Density Polyethylene (HDPE)

High Density Polyethylene (HDPE) (HD50MA 180), with a melt flow index of
189/10 min was supplied by Haldia Petrochemicals, Mumbai.

2.1.3 Glass fibre

E-glass fibre with a diameter of about 13um was obtained from Sharon
industries Ltd. Kochi.

2.1.4 Nylon fibre

Nylon 6 fibre of diameter 0.3mm (style S392-374 and cord denier 3656-3886)
was obtained from M/S SRF Ltd., Chennai, India and was chopped to approximately
10mm. Specifications of Nylon-6 fibre are given in the table 2.1

2.1.5 Sodium silicate
Sodium silicate solution (60%) was obtained from M/s Minnar Chemicals, Kochi.

2.1.6 Hydrochloric acid (HCl)

HCI (AR grade) used was procured by M/s Loba chemicals with an acidimetric
assay of 35-38%.
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2.1.7 Chitosan
It was supplied by India Sea Foods Ltd., Kannamaly, Kochi, Kerala.
2.1.8 Vinyl triethoxy silane (VTES)

Vinyl triethoxy silane (98%) was supplied by Lancaster synthesis, East gate,
England.

2.1.9 Other chemicals

Acetic acid for dissolving chitosan was manufactured by Merk, India Ltd.
Dicumyl peroxide (DCP - 40% active) was used as the initiator. Maleic anhydride for
grafting was supplied by Aldrich.

2.2 COMPOSITE PREPARATION

Three types of composites (nanocomposites, short fibre composites and nano-
micro hybrid composites) were prepared. Different composites were prepared by melt
mixing' method using Thermo Haake Rheometer (Rheocord 600p) (Figure 2.1). The
mixing chamber has a volumetric capacity of 69cm? and was fitted with roller type rotors.
The rotors rotate in opposite directions in order to effect a shearing force on the material
mostly by shearing the material against the walls of the mixing chamber. The granules in
the desired proportion are fed to the mixing chamber through a vertical chute with a ram.
There is a small clearance between the rotors which rotate at different speeds at the
chamber wall. In these clearances dispersive mixing takes place. The shape and motion
of rotors ensure that all particles undergo high intensive shearing flow in the clearances.

The mixer consists of three sections and each section is heated and controlled
by its own heater and temperature controller. Since mechanical dissipation heat is
developed in the small gap between rotors and chamber, the heat conducts to the centre
bowl and rises the set temperature. In this case, the heater and centre bowl is
automatically shut off and circulation of cooling air is activated.
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MR - Haake Polylab <ystemn

Figure 2.1: Thermo Haake Polylab system (insef picture-mixing chamber & rotor)
2.2.1 Melt mixing

All materials (PP, HDPE, glass fibre, nylon fibre and nanosilica [prepared by
precipitation method]) were dried by keeping them in an oven at a temperature of 100 °C
for 4 hrs before mixing.

To prepare nanocomposite the pure material and nanosilica were together fed
into the chamber and mixed well. To make fibre composite the pure material was fed into
the chamber first and waited for 3 minutes to melt the material. Then the fibres were
added into the chamber and mixing continued to obtain short fibre composite. To make
hybrid composite the pure material and nanosilica were together fed into the chamber
and waited for 3 minutes to melt and mix the materials. Then the fibres were added into
the chamber and mixing continued fo get hybrid composite. The maleic anhydride (MA)
grafted composites were prepared by adding DCP and MA at 6" minute of mixing
according to US patent 4,753,997. The temperature selected depends on the nature of
material. A mixing time of 8 minutes was given at rotor speed of 50 rpm.

2.2.2 Preparation of test specimen
The hot mix from the mixing chamber was immediately pressed using a

hudraiilic nrace at a nraceiira Af 10N balamd and Hha saedbiinme ahanbe e b inba ameall
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pieces. The test specimens were prepared using a semi-automatic plunger type injection
moulding machine with a barrel temperature of 190 °C, injecting the molten samples at a
pressure of 1000 kg/cm3. The specimens were moulded at identical conditions and the
properties were taken as the average property of six samples.

2.3 MECHANICAL PROPERTIES
2.3.1 Tensile properties

The tensile properties of the specimens were determined using dumb-bell
shaped samples with a Universal Testing Machine (UTM, Shimadzu AG-1) with a load
cell of 50kN capacity. The gauge length between the jaws at the start of each test was
adjusted to 40mm and the measurements were carried out at a cross head speed of
50mm/min according to ASTM-D-638. Average of at least six sample measurements
were taken to represent each data point

2.3.2 Flexural properties

Flexural properties of the composites were measured by a three-point loading
system using universal testing machine (UTM, Shimadzu AG-1) with a load cell of 50kN
capacity according to ASTM-D-790. Rectangular shaped specimens were used for the
flexural test and the testing was done at a crosshead speed of Smm/min.

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 maximum strain () in the outer fibres is given by
r=6Dd/L*
where, D is the deflection.

The flexural modulus is calculated from the slope of initial portion of the flexural stress-
strain curve.? )
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2.3.3 Impact strength

Impact resistance is the ability of the material to resist breaking under a shock
loading or the ability to resist fracture under stress applied at high speed. The impact
properties of polymeric materials are directly related to the overall toughness of the
material. Toughness is defined as the ability of the polymer to absorb applied energy. The
area under the stress-strain curve is directly proportional to the toughness of the material,
Higher the impact strength of the material, higher will be the toughness and vice versa.

The methods such as Izod, Charpy, Gardner, tensile impact etc. are usually
used to mesure the impact resistance of plastics. The Izod impact strength of the injection
moulded samples is determined as per ASTM-D-256. Rectangular strips of dimensions
12x10x3 mm are used as the test specimens. The tests are carried out using REIL
IMPACTOR JUNIOR (CEAST) machine with a pendulum of 4kJ and striking velocity of
3.46m/s.

A pendulum swings on its track and strikes the sample. The enerergy lost as the
pendulum continuous on its path is measured from the distance of follow through. The
impact energy is directly read from the machine.

Impact strength = Impact energy(J)/Thickness{m)

2.4 DYNAMIC MECHANICAL ANALYSIS (DMA)

Dynamic mechanical analysis is used to determine the dynamic properties such
as storage modulus (E'), Loss modulus (E") and the damping or internal friction tan & (E"/
E') by measuring the response of the material to periodic forces.® Generally the dynamic
measurements are caried out over a frequency range at a constant temperature or over
a temperature at a constant frequency.

Dynamic mechanical analysis is suitable to measure the dynamic response of
polymers under a given set of conditions. The principle of Dynamic mechanical test
method is to impart a sinusoidal mechanical strain on to a solid or viscoelastic liquid and
to resolve the stress into real and imaginary companents corresponding to elastic and
viscous states. In viscoelastic studies, the applied force and resulting deformation both
vary sinusoidal with time. The strain will also be sinusoidal but will be out of phase with
stress. This phase lag results from the time necessary for molecular rearrangements and
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is associated with the relaxation phenomena. This phase lag is expressed as an angle '8’
.The modulus is a ratio between stress and strain. For visco elastic materials, the
modulus is a complex quantity.

E*=FE +IFE

E' = storage modulus corresponding to the elastic response to the deformation
and it is a measure of stiffness.

E" = loss modulus corresponding to the plastic response to the deformation and
it is associated with the dissipation of energy as heat when material is deformed.

E" E' = tan 8, useful for determining the occurrence of molecular transition
such as glass transition temperature.

Storage modulus, loss modulus, Tan & are used to generate the information
about crystalline as well as amorphous nature in polymers. The variation of these
components as a function of temperature is used to study the molecular motion in the
polymers

The dynamic mechanical thermal analysis was conducted using rectangular test
specimens having a dimension of 60mm x 4mm x2mm with dual cantilever clamp using a
Dynamic Mechanical Analyser (model Q800, TA instruments). The tests were carried out
by temperature sweep (temperature ramp from 30 ©C to 150 °C at 3 °C/min ) method at
a constant frequency of 1Hz to get the dynamic storage modulus (E') and loss modulus
(E") of the samples. The samples were subjected to dynamic strain amplitude of
0.1146%.

2.5 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 used to investigate thermal
transitions, including phase changes, crystallization, melting, glass transitions of a
material as a function of temperature.*%5 Heat flow, i.e heat absorption (endothermic) or
heat emission (exothermic), is 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
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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
degree of crystallinity {x) can be measured as a function of time,

X = A H (observed) / A Hr (100% crystalline)

The melting and crystallization parameter, such as melting point (T} , Heat of
fusion (AH¢) temperature of crystallization (T.) , and Heat of crystallization were used for
the comparison of composites. Two different types of DSC instruments are generally
used, heat flux and power compensation. In heat flux type of DSC, the sample and
reference are heated in a common block and measure the differential temperature (AT)
between the cells. In power compensation type of DSC, the sample and reference has
individual heaters. AW, the difference between the power output of the sample and
reference cells in order to maintain the same programmed temperature in each cell is
measured.

DSC Q 100 (TA Instruments) equipped with a RCS cooling system was used to
study thermal transitions of the samples. The samples (7-10mg) were heated from 30 °C
to 180 OC at 20 °C/min and cooled to 50°C at 10 °C/min under nitrogen atmosphere
(60ml/min flow) to get the non-isothermal crystallization characteristics of the samples.

2.6 THERMOGRAVIMETRIC ANALYSIS (TGA)

Thermogravimetric analysis(TGA) is a technique by which the mass of the
sample is monitored as a function of temperature or time, while the substance is
subjected to a controlled temperature programme.” Thermogravimetric analysis is used to
investigate thermal degradation. TGA Q50 (TA Instruments) was used at a heating rate of
20 °C/min from room temperature to 600 °C with 8-12 mg of sample. The chamber
(furnace) was continuously swept with nitrogen at a rate of 90mi/min. The corresponding
weight changes were noted with the help of an ultra sensitive microbalance. The data of
weight loss versus temperature and time was recorded online in the TA Instrument's Q
series Explorer software. The analysis of the thermogravimetric (TG) and derivative
thermogravimetric (DTG) curves were done using TA Instrument's Universal Analysis
2000 software version 3.3B.
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2.7 SCANNING ELECTRON MICROSCOPY (SEM)

SEM was used to investigate the morphology of fractured surfaces.? in SEM, the
electron beam incident on the specimen surface causes various phenomena of which the
emission of secondary electrons is used for the surface analysis. Emitted electron strikes
the collector and the resulting current is amplified and used to modulate the brightness of
the cathode ray tube. There is a one- to- one correspondence between the number of
secondary electrons collected from any particular point on the specimen surface and the
brightness of the analogous point on the screen and thus an image of the surface is
progressively built up on the screen.

The tensile fracture surfaces was sputter coated with gold and examined under
Scanning Electron Microscope (JEOL JSM 840 A).
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Chapter 3

Synthesis, modification and
characterization of nanosilica

3. 1 INTRODUCTION

The potential applications of nanomaterials in various fields have caught the
attention of academic and industrial research world in the last decade. Nanotechnology is
emerging to revolutionize the world we live in with radical break through in areas such as
materials and manufacturing, electronics, medicine and healthcare, environment and
energy, chemical and pharmaceutical, biotechnology and agriculture, computation and
information technology etc. The uniqueness of nanoparticles is that their properties can
be selectively controlled by controlling the size, morphology and composition of
constituents. The new material thus obtained will have enhanced or entirely different
properties from their parent materials. Despite the current interest nanoparticles are not a
new phenomenon, with scientists being aware of colioids and sols, for more than 100
years. The scientific investigation of colioids and their properties was reported by Faraday
(1857) in his experiments with gold. He used the term “divided metals” to describe the
material which he produced. Zsigmondy (1905) describes the formation of a red gold sol
which is now understood to comprise particles in the 10 nm size range. Many well known
industrial processes also produce materials which have dimensions in the nanometre size
range. An example is the synthesis of carbon black by flame pyrolysis (approximately 6
million tonnes per year) which produces a powdered form of carbon, usually highly
agglomerated but has a primary particle size in the order of 100 nm. Other common
materials such as fumed silica (SiOy), ultrafine titanium dioxide (TiO,) and ultrafine metals
produced by similar thermal processes thermal spraying and coating, welding, working of
diesel engines etc. also gives particles in nanometer size range. Nanometre sized
particles are also found in the atmosphere where they originate from combustion sources
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{traffic, forest fires), volcanic activity, and from atmospheric gas to particle conversion
processes such as photochemically driven nucleation. In fact, nanoparticles are the end
product of a wide variety of physical, chemical and biological processes, some of which
are novel and radically different, others of which are quite commonplace.

Recently, the technological innovation of low-cost and large-scale synthesis
process of nanoparticles with less than 100 nm in diameter is developing, and various
kinds of nanoparticles are applied as the raw materials in the different fields, for example,
cosmetic, medical supplies, catalysts, pigments, toner and ink. From the scientific and
engineering points of view studies on the effect of solid nanofillers on polymers are of
great important because their unique properties and numerous potential applications
such as enhancement of conductivity, optical activity, toughness etc. Nanofiliers based on
clay,’ silica2® ZnO, carbon nanotubes*5$ etc. also impart enhanced physical and
chemical properties to polymers even at low concentration. Understanding the interaction
between nanofiller and a polymer matrix is a key to explore the source of reinforcement
by these fillers.

Silica has been used as reinforcing material in different polymers such as
polymethacrylates, polyimides, polyamides, polyacrylics, polyoleifns, elastomers etc.” The
specific function of the filler is based on the specific resin system, particle size, surface
area, loading and surface modification. Because of the high bond energy in Si-O bond,
silica has high thermal stability and posses a very low thermal expansion coefficient. The
silica containing nanocomposites show very good resistance to staining and remarkable
barrier properties to gases and moisture.8.10

The synthesis and characterization of nano scale silica is currently of great
interest as silica has higher thermal tolerance and lower thermal conductivity, refractive
index, dielectric constant and Young's modulus. Such materials have fremendous
potential application in the field of optoelectronics, nanocomposites, ceramics, rubber
technology and biomedical materals, in addition to displaying great promise in
applications involving catalysis and chemical separations.

Verbnica Morote-Martinez and co-workers used nanosilica for improving the
mechanical and structural integrity of natural stone by applying unsaturated polyester



Synthesis, modification and characterization of nanosifica

resin-nanosilica hybrid thin coating.!! Different amounts (0.5-3 wt.%) of nanosilica was
added to improve several properties, particularly the mechanical properties. Addition of
nanosilica imparted pseudoplasticity and thixotropy to the UPR resin and an increase in
viscosity was also produced. In the cured composites, improved thermal properties in
UPR were reached by adding nanosilica due to the creation of a network between the
filler and the polymer matrix. The improved properties in UPR obtained by adding
nanosilica produced enhanced impact resistance to coated marble pieces, as both
stiffness and toughness were also improved.

Achilias etal studied the effect of silica nanoparticles on solid state
polymerization of poly(ethyleneterephthalate).'? From the experimental measurements
and the theoretical simulation results, it was proved that nanosilica in small amounts (less
than 1wt %) enhances both the esterification and transesterification reactions at all
studied temperatures acting as a co-catalyst. However, as the amount of nanosilica
increases a number of inactive hydroxyl groups were estimated corresponding to
participation of these groups in side reactions with the nanosilica particles. These side
reactions lead initially to branched PET chains and eventually (5wt% n-SiO;
concentration) to crosslinked structures.

Epoxy-nanocomposite resins filled with 12-nm spherical silica particles
improved their thermal and mechanical properties as a function of silica loading.’3 The
addition of small amounis of silica nanoparticles to the cement paste can reduce the
calcium leaching rate of the cement paste.'* Xiaowei Gao and co workers has found that
the antioxidant efficiency of the nanosilica-immobilized antioxidant was superior to the
corresponding low molecular counterpart (AO), based on the measurement of the
oxidation induction time (OIT) of PP/nanosilica-immobilized antioxidant and PP/AQ
compounds containing an equivalent antioxidant component.'® Nangeng Wen and co
workers used nanosilica for the preparation of raspberry-like organic-inorganic composite
spheres with poly(vinyl acetate) (PVAc) as core and nanosilica particles as shell.'s The
hydrogen bonds between nanosilica particles and PVAc were strong enough for the
formation of long-stable composite spheres with raspberry-like morphology.

The introduction of nanosilica particle with a spherical diameter of about 20 nm
into the Portland cement paste improved the performance of Portland cement-based
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composites. Portland cement composite with nanosilica had a more solid, dense and
stable bonding framework.”” The gas barrier properties of nanosilica filled latex
membranes were very high.'® Nanosilica has been used in different polymers as a
reinforcing material and also as a special purpose additive to improve their properties for
specific applications.'®

Sol-gel technology?2! has been used extensively in the synthesis of nanosilica.
Sol-gel synthesis of silica22? is based on the hydrolysis of alkoxy-silanes like tetra-
ethoxy-silane or tetra-methoxy-silane, according to the reaction. 2526

Si(OR)s + 4H.0 — Si(OH)y + 4R-OH
Si(OH)4 — Si0, + 2H0

Acidic or basic catalyst could be used. The proportion of Si-OH, Si(OH) ; and
Si(OH)s change during process, which first gives a swollen gel. It is then dried, heated
and densified into final monolithic piece of silica. The gelation may correspond to a cross-
linking process taking place between macromolecular species of polysiloxanes containing
free Si-OH molecules. In the presence of acids, probability of formation of Si (OH)4 is
small and condensation reaction start before complete hydrolysis of Si(OR)s to Si(OH)s
can occur. Under basic condition Si(OH)4 is easily formed by the preferential hydrolysis of
the rest of the OR groups belonging to a partially hydrolyzed Si(OR)s and some silicon
alkoxide molecules tend to remain non- hydrolyzed. Hydrolysis of tetra-ethoxy-silane is
initiated with alcohol solvent in the presence of acid/basic catalyst and the gelation
requires several days. Another method is exposing TEOS and water to ultrasound in the
presence of acid catalyst and the gelling time for this 'Sonogel’ was about 115-200 min.
This gel is then heated at high temperatures to obtain fine powder of silica.

Nanosilica can also be produced in a form of a dry powder via pyrolysis of
tetraalkoxysilanes or tetrachlorosilane in the presence of water as well as by direct
hydrolysis of sodium methasilicate or tetraalkoxysilanes.?"28 Several methods are used to
produce nanosilica from different sources. 233! Saito et al. have synthesized nano silica
from Per-Hydro-Poly-Silazane (PHPS) with mild conditions using steam as catalyst.
Density and refractive index of silica prepared from PHPS were close to silica glass. This
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work was carried out to study the effects of hydroxyl group and architecture of organic
polymers on polystyrene/silica nano composites. Chrusoid and Slusarski have prepared
nano silica from a stable emulsion of alkoxysilanes by the addition of a surfactant and
heating the emulsion to remove the residual materials.®® The addition of surfactant is
necessary to lower the interfacial energy and minimize the surface energy between two
liquids. Emulsion was formed with solution containing 60% mineral oil and 40% heptane
and then they were heated to 450 °C to bum off residual mineral oil and un-reacted
alkoxide group. Fujiwara et al. has modified the sol-gel method using acid anhydride
instead of water for reacting with the organosilanes and condensation of alkoxy silane
proceeded at a lower temperature of 150 °C. In this method, Diglycidyl ethers of
bisphenol-A (DGEBA) was added as the precursor of epoxy resin into the alkoxy silane
mixture to produce epoxy resin / silica nano composite. Kim, Liu and Zachariah have
suggested the aerosol-assisted sol-gel method to produce nanosilica.®® In this method,
Tetraethoxysilane (TEOS), water and ethanol were allowed to react according sol-gel
chemistry. Sufficient hydrolysis time was given and then the solution was aerosolized with
sodium chloride. Sodium chioride was employed both as an agent to accelerate the
kinetics of silica gelation and as a templating medium to support the formation and
stability of pore structures.

Kotoky and Dolui used sodium silicate with dilute hydrochloric acid as catalyst in
poly(viny! alcohol) to produce poly(vinyl alcohol)/silica nano composites.3 This is a sol-
gel method in which the acid plays a catalytic role in enhancing sol-gel condensation of
silicon alkoxides within the poly(vinyl alcohol). The reaction mixture was stirred for 30
minutes at 60 °C, pH maintained between 1 and 2. The sol-gel mixture was passed
through cation exchange resin amberlite for the removal of Na+ ions. After 24 hrs at
ambient temperature the sample gelled and this was then dried for another 48 hrs at
470C.

Ccocoon shaped nanosilica particles have been synthesised by Arai and co
workers ¥ The particles were prepared from TMOS, water, ammonia and methanol by a
sol-gel method. The method is to add the methanol solution of TMOS at a constant
supply rate to a mixture of water, ammonia and methanol. Effects of various reaction
conditions such as temperatures, supply rates of TMOS, and amounts of TMOS
determined the diameter and shape of the particles. High temperature makes particles
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with high aspect ratio and small diameter. And the mechanism of forming the cocoon
shaped particle was also discussed. It was concluded that the primary particles were
generated at the beginning stage of reaction and two of them became the cocoon shaped
particle. These cocoon shaped nanosilica particles is used for polishing applications. For
high polishing efficiency, particles with the diameter between 40 nm and 210 nm are to be
used. As a result, best diameter of particles for abrasive is 40100 nm with respect to
polishing efficiency and surface finish.

Nittaya et al. have synthesized nanosilica from rice husk ash (RHA). Rice husk
ash was washed with water and then bumed at 700 °C for 6 hrs.®® RHA samples were
stirred with 3N sodium hydroxide solutions and was heated in a covered Erlenmeyer flask
for 3 hours. Pure silica was extracted by refluxing with 6N HCI for 4 hours and then
washed repeatedly using de-ionised water to make it acid free. It was then dissolved in
2N NaOH by continuous stirring for 10 hrs on a magnetic stirrer and then concentrated
H2S04 was added to adjust pH in the range of 7.5 - 8.5. The precipitated silica was
washed repeatedly with warm de-ionised water till the filtrate was completely alkali-free.
After the washing process silica powder was dried at 50 °C for 48 h in the oven. Jal and
co-workers synthesised nanosilica by precipitation method characterized it by various
analytical tools.® From transmission electron micrograph the silica particles were found
to have almost spherical shape with a dimension of ~50 nm. The surface area was found
to be of 560 m2 g~ and density 2.2 g cm=3. From thermogravimetric analysis the total
silanol density in the silica was found to be 7.68 nm-2. The number of reactive silanols
that formed hydrogen bond with water molecules was found to be 2.48. The infrared
spectral data suported the presence of hydrogen bonded silanol group and the siloxane
groups in sitica.

The reinforcing action of fillers in polymers depends on several factors such as
chemical character of polymer and filler, type of filler, polymer filler phase relation, the
adhesion of polymer to filler, the polymer formation conditions in the presence of filler and
so on. If the filler is inorganic in nature the surface modification is necessary to improve
the interaction of filler with organic polymer. To improve the chemical affinity of silica with
polymer, several modifying agents and various ways are used for the surface
modification.4
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The chemical character of nanosilica surface should be modified to decrease the
activity of silica fillers. Otherwise the nucleating tendancy of individual nanoparticls will
cause growth of the particles by aggregation and thus to proceed to agglomerated bigger
particles (Figure 3.1). This will decrease the interaction and dispersion of filler in polymer.

o000 O
°o°o

Nucleation Growth Aggregation Agglomeration

Figure 3.1: Growth of silica particles

The chemical character of silica can be altered by various reactions which leads
to chemical bonds between modifying substance and silica surface. For that purpose
coupling agents of borate, silane or titanate are used. Silane coupling agents are very
attractive group of compounds capable of promoting interaction of silica to polymer. The
application of silane coupling agents is principally aimed to decrease the hydrophilic
character of silica and to introduce new organic functional groups capable of reacting with
different polymers. Figure 3.2 shows how surface modification of silica the open doors to
a variety of polymer systems.
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Figure 3.2: Schematic representation of interaction of modified silica with variety of
polymers
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This chapter describes the synthesis of nanosilica from sodium silicate and
hydrochloric acid by precipitation method under controlled conditions using chitosan as
dispersing agent. Compared to the more commonly used tetraethoxysilane (TEOS) or
tetramethoxysilane (TMOS) sodium silicate is a cost effective silica source. Moreover, by
using a purely aqueous medium, the expensive and very often toxic, solvent could be
avoided. The precipitation method was selected because of the following reasons:-

o ltinvolves the use of commonly available sodium silicate and mineral acid.

e |tis possible to produce nanosized silica particles under controlled conditions

o It does not require very long gelation and drying times as required for sol-gel
process.

o The catalyst used in the sol-gel process may remain as impurities.

o Silica synthesized by the sol-gel process was observed to contain many lattice
defects.

o The byproducts can be easily removed by washing with distilled water.

Chitosan is used as the dispersing agent because it contains macromolecules with a
large number of hydroxyl groups per moiecule. It would produce a matrix into which
synthesized silica would be incorporated, thus producing silica in the nanoscale. The

interaction between the hydroxyl groups of chitosan and the hydroxy! groups of silica
would resuits in co-condensation.

3.2 EXPERIMENTAL
3.2.1 Experimental setup
i. Reactor

The experiments were carried out using a reactor of 500ml capacity. After
optimizing the concentration, laboratory scale synthesize was done using a 3000m!
Borosil beaker as the reactor.
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iv.

Figure 3.3: Reactor setup

Stirring and heating

A mechanical stirrer provided with three leaf blade was used for stirring the
slurry. The speed of the stirrer was varied from 30 rpm to 150 rpm depending on
the concentration of the slurry and the optimum was found to be 50-60 rpm.
Heating was done using a hot plate which was set constant at 70 °C.

Filtration

Vacuum filtration was done using a Buchner funnel, suction flask, tubing and a
vacuum pump.

Drying

Hot air oven with a temperature setting adjustable to 300 °C was used. The
cake obtained after filtration was scrapped out and spread out evenly on a glass
plate using a glass rod. Glass plate was then placed in the oven and dried for
the required time at 100 °C.
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v. Calcination

A muffle furnace with a temperature range of 50 °C to 1200 °C was used for
calcinations. The dried sample was ground into fine powder and then kept in the
muffle furnace at 600 °C for 3 hrs. During this time the organic part will go and
we get fine silica powder.

3.2.2 Synthesis of nanosilica

Silica was prepared from sodium silicate and HCI using chitosan as the matrix. A
2% solution of chitosan in 2% acetic acid solution was prepared. This was then intimately
mixed with stoichiometric amount of 1N HCI required for the preparation of silica in the
reacting vessel. 10% sodium silicate solution prepared in distilled water was then added
dropwise to the above stirring mixture at a temperature of 60 °C. The pH of the mixture
was maintained between 1and 2 to get nanosize silica. If HCl is added into the sodium
silicate solution it is difficult to maintain the pH in the range 1-2 and there is a chance of
gelation causing an increase in size of the particles and stiming also became difficult.
After the addition of sodium silicate the reaction mixture was stirred continuously for a
period of 2 hours and the temperature was maintained at 70 °C. This enables the uniform
distribution of the chitosan medium in the reaction mixture, so that it could act as a matrix
to collect the formed particles. It also enabled the conversion of silicic acid, formed by the
reaction between HCl and sodium silicate, into silica.

The reaction between sodium silicate and dil.HCl is given below:
Na;SiOs + 2HCI ——>»  H;Si0s + 2NaCl
H;8i0; ——» Si0, + H,0

The acid plays a catalytic role in enhancing the co-condensation of silicon
oxides within the dispersing agent's matrix. It is expected that the addition of the above
dispersing agent wouid produce a matrix into which synthesized silica would be
incorporated, thus producing silica in the nanoscale. The interaction between the hydroxyl
groups of dispersing medium and the hydroxy! groups of silica would results in co-
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condensation. Hydrogen bonding between the polymer and the developing polysilicate
network leads to system homogeneity.

After completion of reaction, the resultant slurry was kept at room temperature for 24
hours and then makes it neutral to regenerate chitosan. It was then filtered by vacuum
filtration. The solution containing regenerated chitosan was slowly poured into the
Buchner funnel, always maintaining a slurry level of not more than 70% of the funnel
height. After completely emptying out the solution into the funnel, the washing was
started with distilled water. The washings continued until all the sodium chloride was
removed. The cake obtained after washing was scraped out using a scrapper and spread
evenly on a glass plate of dimension 20 cm x 20 cm. This was then placed in a hot air
oven at a temperature of 70 °C for 24 hrs. The cake thus obtained was then ground to
obtain fine powder. After complete drying it was calcined in a muffle furnace at 600 °C for
3 hrs to get fine silica powder.

3.2.3 Modification of nanosilica

The surface of silica was modified by hydrolysis followed by condensation
reaction of vinyl triethoxysilane. These reactions were done by the addition of HNO; and
NH4OH as catalysts. The nanosilica particles (0.1g/ml) were sonicated for 1 hour to get a
homogeneous aqueous dispersion of silica. The dispersion was acidified by adding dilute
HNO; solution. Vinyl triethoxysilane (0.2M) was added to the acidified silica dispersion
and the mixture was stirred for 3 minutes at 60 °C to undergo the hydrolysis reaction.
Ammonium hydroxide solution was then added to the mixture to make it alkaline and the
mixture was further stirred for 1 hour at 60 °C for the completion of condensation
reaction. This was then filtered, washed with distilled water and dried to get fine particles
of modified silica. The reaction scheme is shown in figure 3.4. The modified particles
were then characterized by various techniques such as TEM, FTIR, TGA etc.
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Figure 3.4: Modified silica formation
3.3 RESULTS AND DISCUSSION
3.3.1 Bulk density

The bulk density values of synthesized silica samples were compared with
commercially available silica (Table 3.1). 1t is found that the bulk density of prepared
nanosilica is higher than the commercial silica and modified nanosilica. This may due to
the smaller particle size of synthesized silica compared to that of other samples.

Table 3.1: Bulk densities of silica

Sample Bulk Density (g/cm 3)
Commercial silica 0.98
Silica prepared without dispersing medium 1.103
Silica prepared in Chitosan medium 1.2924
Modified silica 1.1863

Bulk density of synthesized silica using chitosan medium is higher than that
prepared without chitosan. This shows that chitosan helps to reduce the particle size and
is a good medium for nanoparticle formation. It is expected that the addition of chitosan
would act as a matrix into which silica would be incorporated and thus producing silica of
lower particle size with higher bulk density.
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Bulk density is found to decrease with modification. This indicates that the
particle size increases with modification. This is as expected that the presence of
modifying group on the surface of the nanoparticles would increase the particle size.

3.3.2 Surface area

The surface area obtained for different samples by BET adsorption method are
given in table 3.2. From the table it is clear that synthesized silica has higher surface area
than that of commercial silica and modified silica.

Table 3. 2: Surface area of the silica samples.

Samples Surface area {(m%g)
Commercial silica 178
Silica prepared without 195
dispersing medium
Synthesized silica 295
Modified silica 198

The surface areas of the particles are found to be higher as the particle size
decreases. The above table shows that the prepared nanosilica has lower particle size.
The surface area of the synthesized silica without chitosan is found to be much lower
than the nanosilica.

The modified silica is found to have lower surface area compared to all samples.
This is in confirmation with the observation that the presence of modifying group on the
surface which decreases the adsorption of nitrogen on the surface of the particles. This
indicates that modification of the silica surface is effective.
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3.3.3 Infra Red Spectroscopy
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Figure 3.5: IR spectra of the the silica samples

Figure 3.5 shows the IR spectra of the silica and modified silica. The broad band
between 2800 and 3750 c¢m* for silica is due to silanol -OH groups and adsorbed water.
The predominant peak at 1080 ¢cm' is due to siloxane bonds (Si-O-Si). The peaks
between 1000 and 700 cm' are attributed to vibration modes of the gel net work.#! Silica
samples show similar IR spectrum. It can be concluded that all samples consist
predominantly of silicon oxide. The two additional peaks at 1690 cm! and 2140 cm-! of
modified silica show the presence of modifying organic group. In comparing the spectra
of the nanosilica and modified nanosilica it is found that there is a reduction in intensity of
broad peak between 3000 cm' and 3437 cm (of -OH stretching) in the case of the
modified silica. Lesser number of hydroxyl groups in modified silica results in lower
particle agglomeration.

3.3.4 X-Ray Diffraction (XRD)

X-Ray is an important tool to identify the crystalline nature, purity and size of
materials. The X-Ray diffraction patterns of the silica and modified silica samples are
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shown in figures 3.6 and 3.7. Strong broad peak observed around 22-23° is the
characteristic of amorphous Si0O;.42 This shows that the synthesized silica, commercial
silica and modified silica are in an amorphous state. The full width at half maximum (B} is
used to determine the particle size using the Debye-Sherrer formula. The average
particle size (C) of the silica samples is given in the table 3.3.
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Figure 3.6: XRD pattern of prepared nanosilica
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Figure 3.7: XRD pattern of modified nanosifica
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Table 3.3: Average Particle size of the silica samples

Sample Average Particle size ( nm)
Commercial silica 34
Silica prepared without dispersing medium 22
Synthesized silica 16
Modified silica 20

3.3.5 Scanning Electron Microscopy (SEM)

Figures 3.8 a & b show the SEM micrographs of the silica synthesized without
chitosan and with chitosan medium respectively at 40,000X magnification. These
micrographs show that the silica prepared in chitosan medium has lower particle size
than that prepared without chitosan. It is seen that the size of both type of silica are in
nanometer range. The silica prepared without chitosan are higly agglomerated and have
larger particle size compared to the other.

Figure.3.8: SEM micrograph of nanosilica prepared

a) without chitosan b) with chitosan medium

From the SEM analysis it is evident that the introduction of dispersing medium in
the reaction system gives lower particle size and less agglomerated silica.
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3.3.6 Transmission Electron Microscopy (TEM)

The TEM image of synthesized nanosilica in chitosan medium and its diffraction
pattern are given in figure 3.9. It shows that even though the average particle size is low
(~16nm) the particles are agglomerated. The corresponding diffraction pattem indicates
that the nano particles are amorphous in nature.*3

Figure 3.9: TEM image of the nanosilica a) synthesized in chitosan medium  b)
diffraction pattern

The TEM image obtained for the modified nanoparticle is shown in figure 3.10. It
shows that the agglomeration tendency of the particles decreased by the modification.
The average particle size is about 22nm which is higher than than the nanosilica. This is
an evidence for the modification. From TEM image we can observe that the modification
by organic group is effective to reduce the agglomeration.

Figure 3.10: TEM image of modified nanosilica
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3.3.7 Thermogravimetric analysis (TGA)

The thermogravimetric curve obtained for synthesized silica in chitosan medium
is given in figure 3.11. It shows about 8% weight losses 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.
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Figure.3.11: TG trace of the synthesized silica

The TG curve obtained for modified silica (Figure 3.12) shows that there is no
appreciable degradation within 150 °C. This shows that moisture adsorption is very much
reduced by the modification. The sample shows gradual reduction in weight from 200 °C
to 800 ©C. This is due to the presence of organic group around the surface of the
particles.
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Figure 3.12: TG trace of the modified silica

3.3 CONCLUSIONS

Under controlled conditions nanosilica can be successfully prepared by a
precipitation route. Chitosan medium can be used for the preparation of inorganic
particles. The particle size of the silica can be controlled by using the precipitation
medium and its concentration. Nanosilica prepared by this method has a particle size less
than 18 nm which is lower than that of the commercially available silica. The particle size
of silica was found to be 14 nm from the XRD results and the surface area was found to
be 395 m?g by BET method. IR spectroscopy shows the absence of side products on
silica particles. XRD and TEM results show that the synthesized silica is predominantly
amorphous in nature. TEM images show that the agglomeration tendency of the
nanoparticles can be reduced by the modification without much increment in size.
Thermogravimetric analysis shows that moisture absorption can be reduced by the
modification of silica.
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Chapter 4

Thermoplastic - silica nanocomposites

Part-Qa

Polypropylene-silica nanocomposites

4a.1 INTRODUCTION

There is an increasing need for polymer-based nanocomposite materials due to
the developments in traditional industry and advanced materials. These needs pave the
way for a unique and new market for improving traditional products.’23 At present, the
diverse organic polymers with high yield find their applications in fibres, resins, rubbers
and their composites including polymer-polymer and inorganic reinforcing polymer
composites. Due to difficult dispersion behaviour, the composites of nanoparticle filling
polymer develop relatively slowly, while the polymer-inorganic nanocomposite materials
by insitu polymerization technology increase rapidly. There is a great potential in the
modification of traditional materials. So far, the insitu intercalation polymerization
technique is thought to be one of the best choices for dispersing nanoparticles in the
polymer melt. It may provide a very large number of new products for daily life and
industrial applications.

A large number of inorganic materials, such as glass fibre, talc, calcium carbonate,
and clay minerals have been successfully used as additives to improve various properties
of polymers.* Inorganic particle filled polymer nanocomposites, notably nano-clays 5
have attracted great interest over last decade.”® Nanoparticle filed polymers are
attracting considerable attention since they can produce property enhancement that are
sometimes even higher than the conventional filled polymers at volume fractions in the
range of 1-5%. Rong etal. and Wu et al. have reported the improvement of tensile
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performance of low nanoparticle filled polypropylene composite.%'° The inorganic fillers
are used for improving stiffness, toughness, hardness, chemical resistance, dimensional
stability and gas barrier properties of PP. The mechanical and physical properties of PP
composites strongly depend on the filler size, shape, aspect ratio, interfacial adhesion,
surface characteristics and degree of dispersion.

Polypropylene {PP) is a semi-crystalline polymer which is very versatile in nature
and is one of the fastest growing classes of thermoplastics.'? This growth is attributed to
its attractive combination of low cost, low density, high heat distortion temperature, and
mouldability. The extraordinary versatility of unfilled virgin PP and reinforced
polypropylene suits a wide spectrum of end-use applications for fibres, films, and molded
parts. However, the shortcomings in physical and chemical properties limit the universal
use of polypropylene. For example in packaging, polypropylene resins have poor oxygen
barriers. Most designs to improve polypropylene gas barrier properties involve either
addition of higher barrier plastics via a multilayer structure or surface coatings. Even if
effective, the increased cost of these approaches negates the big attraction of ‘low cost’
for using polypropylene. The incorporation of inorganic particulate fillers has been proved
to be an effective way of improving the mechanical properties and in particular the
toughness of polypropylene. Stamhuis has shown that talc filler can significantly increase
the impact resistance of polypropylene, if it is physically blended with either an SBS or an
EPDM elastomer.'® Hadal and Misra have reported that modulus of polypropylene has
been improved by talc and wollastonite.* Radhakrishnan and Saujanya have reported
that the needle shaped CaSOs can improve the properties of PP with its high aspect
ratio.” Silica filled composites gaining importance in consumer goods, automotive
applications and electrical & electronic engineering appliances.'®17.18 Fillers cannot modify
the properties of composites unless there is good adhesion with polymer matrix. The
hydrophobic polymer and the hydrophilic filler cause a significant problem in enhancing
the adhesion between the filler and the matrix. This problem can overcome by increasing
the affinity between the two phases either by in-situ polymerization or by use of coupling
agents_19.20.21

in this part of study the PP/silica nanocomposites preparation using silica and
VTES modified silica are discussed with focus on the mechanical, thermal and dynamic
mechanical performance. The influence of maleic anhydride grafting of PP/silica
nanocomposites also investigated.
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4a.2 EXPERIMENTAL

Nanosilica reinforced PP composites were prepared by a simple melt-
compounding method.22 The meit mixing of PP with unmodified and modified nanosilica
was performed in a Torque Rheometer (Thermo Haake Rheocord 600) at 180 °C and at
a rotor speed of 50 rpm for 8 min. The concentration of nanosilica was varied from 0-3
wt%. The variation of torque with time of mixing was monitored. The torque stabilized to a
constant value in this mixing time. The resulting compound was hot pressed into thin
sheets and cut into pieces. The matrix was modified with maleic anhydride according to
US patent, 4,753,997. Dumb-bell and rectangular shaped specimens were prepared by
injection moulding in a semiautomatic laboratory injection moulding machine.

The tensile properties of the samples were determined using a Universal Testing
Machine (Shimadzu AG 1) at a crosshead speed of 50 mm/min as per ASTM-D-638.
Flexural properties of the composites were measured by three point loading system as
per ASTM-D-790 at a crosshead speed of 5 mm/min. Impact strength of the samples
were determined using Resil impactor junior (Ceast) (ASTM-D256). Thermogravimetric
analysis {TGA) was done using TGA Q50 (TA instruments). The crystallization behaviour
was analyzed using DSC Q100 (TA instruments). The storage modulus and mechanical
damping (tan &) was measured using dynamic mechanical analyzer model Q800 (TA
instruments). The morphology of the tensile fractured surface was also investigated using
scanning electron microscope (SEM).

4a.3 RESULTS AND DISCUSSION

4a.3.1 Polypropylene silica nanocomposites
4a.3.1.1 Torque studies

The variation of mixing torque with time at different filler loading is given in figure
4a.1. A mixing time of 8 minutes was adequate, since the torque stabilized to a constant
value during this time in all cases. The stabilization of the torque may be an indication of
attainment of a stable structure after a good level of mixing. The torque values slightly
changes with the concentration of silica particles. This shows that the particulate filler
undergo good mixing under the given conditions.
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Initially torque increases with the charging of PP, but decreases with melting and
levels off in about 2 minutes. The composite preparation was done by adding
nanosilica/modified nanosilica at the start along with PP. Here also the torque stabilized
at a constant value in about 2 min. it is clear from the figure that there is no appreciate
change in torgue on continued mixing up to 8 min. This indicates that there is no
appreciable degradation during the mixing stage.

~-®» PP
304 —e— PP/1% nanosilica
+—- PP/1% modified nanosilica

Torque (Nm)

10

T T T T T T 1 T
1 2 3 4 5 8 7 8
Time (min)

Figure 4a.1: Variation of mixing torque with time of PP/sifica nanocomposites

The variation of mixing torque with time of mixing of modified silica in PP also
showed the same behaviour as above. But the end torque was found to be little higher
than the former. In this case also the mixing time was fixed as 8 minutes.

4a,3.1.2 Tensile properties

The inclusion of fillers in the PP matrix leads to a significant increase in
mechanical properties. Zhao et al.2 observed the increase of tensile performance by the
incorporation of nano filler. Svehlova et al.2* mentioned that a better filler dispersion
leads to a higher modulus. Hence a higher mechanical performance of nanocomposites
is an indication of better filler dispersion. Reddy et al.? observed that the modification of
silica surface leads to better filler dispersion and wetting in PP matrix. The effect of
nanosilica and modified nanosilica concentration on the tensile properties of the
composites are shown in figure 4a.2. For this study the concentration of silica particles in
the matrix was varied from 0 to 3 weight percent of PP.
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Figure 4a.2; Variation of tensile strength and modulus of PP-silica/modified silica
nanocomposites with silica content

The figures show an increase in tensile properties and a maximum value is
obtained at 1wt.% of silica loading. This may be due to good filler dispersion and effective
interaction of the nanoparticles with PP at this composition.? There is a gradual reduction
in strength and modulus values after this composition. At higher particulate loading, there
is a tendency for the silica nanoparticles to aggregate heavily. The tensile strength and
tensile modulus improved by approximately 16% and 43% respectively with unmodified
silica particles. The corresponding values for modified nanosilica/PP composites are 23%
and 73% respectively.

In a composite, the interfacial stress transfer efficiency and extent of induced
deformation determines the mechanical performance. Generally particulate composites
do not exhibit high tensile strength and elongation to break due to weak interfacial
adhesion. There will be considerable improvement in these properties if the bonding
between filler and matrix is strong. Figure 4a.2 shows that the adhesion between the filler
and matrix is improved by the use of modified nanosilica. The use of modified nanosilica
gives about 30% improvement of modulus when compared with the use of unmodified
silica. The modification of silica surface by vinyl group enhances the hydrophobic
character of the inorganic particles that lead to good interaction (wetting) with the organic.
matrix. The decrease in strength and modulus after a particular composition may be due
to the poor dispersion of silica particles by the agglomeration within the polymer matrix.
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The hardness and % of elongation of nanosilica and modified nanosilica/PP
composites are listed in table 4a.1. The results indicate that 1wt.% silica gives effective
reinforcement by melt mixing. The elongation to break was found to be increasing with
modified silica content and is slightly higher than the same amount of unmodified
nanosilica addition. This may be due to the better wetting of modified nanosilica by the
polymer. This also implies that the better adhesion between the nanosilica and PP is the
key factor for the improvement of properties.

Table 4a,1: Effect of sitica/modified silica content on hardness and efongation

S* Content | Hardness | Elongation | MS** Content | Hardness | Elongation
(Wt.%) | (Shore D} (%) (Wt.%) (Shore D) (%)
0.0 56 8.13 0.0 56 8.13
0.5 58 7.45 0.5 60 7.87
1 61 6.81 64 7.52
2 62 6.24 66 7.21
3 64 598 69 6.87

*S — nanosilica, **MS — modified nanosilica
4a.3.1.3 Flexural properties

The comparison of flexural strength and modulus of PP nanocomposites prepared
with nanosilica and modified nanosilica is shown in figure 4a.3.
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Figure 4a.3: Variation of flexural strength and modulus of PP-silica/modified silica
nanocomposites
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With modified silica, the flexural modulus as well as strength of PP increases
considerably. The figures also show that the concentration of silica that can be added to
PP to obtain maximum values in flexural loads in both cases is again 1%. The
incorporation of modified silica at this composition increases the modulus around 48%
and strength around 40%. The effective reinforcement may be due to uniform dispersion
and good interfacial interaction of modified nanosilica with PP matrix. The modification of
silica has resulted to enhance the adhesion between the hydrophobic PP and the
hydrophilic silica particles.

4a.3.1.4 Impact strength

The impact strength of plastics can be improved by several techniques. The
incorporation of rubbery particles is a good method but this results in reduction of other
properties like elastic modulus, tensile strengths etc. of the material.?”.8 in general, for a
material to be very tough and to have high impact resistance there must be some
mechanism for spreading the stored energy to be absorbed. The use of rigid fillers to
toughen polymers has also been received considerable attention.??

The use of nanoparticles to improve the toughness of the polymers has been
increased recently. Chen et al.% reported that the fracture toughness of PP increased five
fold by incorporating nanometer-scale CaCO; and the CaCO; particles acted as stress
concentrators to promote toughening mechanism. Nanoclay also used to improve the
impact strength.3' The effect of nanosilica and modified nanosilica on the toughness of
PP is shown in figure 4a.4

@ nancsiica
| BXZB modified nanosikca
————

Impac? strength (J/m)

4 e 220
05 00 25 10 15 20 25 a0 as
Silica content (Weight %)

Figure 4a.4: Effect of nanosilica/modified nanosilica concentration on impact
strength of PP
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Here also the higher impact strength of PP compaosite is found at 1wt.% silica
loading. The increase in impact strength is about 125% with nanosilica, and is about
200% with modified nanosilica. This may be due to the presence of organic group on
silica surface which improved the compatibility between filler and the matrix.3? In case of
poor adhesion between phases, the moment at which the matrix actually separates from
the particles depend on the particle size due to subsequent debonding sequence (void
forming) that would lead to specimen failure. Hence, large sized particles are undesirable
when the adhesion between matrix and filler is poor. Because of the high surface energy
of the nanosilica, at higher filler concentration the particles agglomerate to form bigger
sized particles. Hence above 1wt.% silica addition impact strength is found to be
decreasing.

4a.3.2 Effect of matrix modification on PP-silica
nanocomposites

4a.3.2.1 Torque studies

The variation of mixing torque with time at different filler loading is shown in figure
4a.5. The mixing time of 8 minutes was fixed, since after grafting also the torque value is
found to be steady by this time in all cases.

8- MA-g-PP+1% nanosilica

— 8- MA-g-PP+2% nanasilica

& MA-g-PP+1% modified nanosilica
¥-— MA-g-PP+2% maodified nanosilica
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fim'ummu\m J“"

T T T —
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Figure 4a.5: Variation of mixing torque with time of MA-g-PP-silica/modified silica
nanocomposites
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4a.3.2.2 Tensile properties

The effect of chemical treatment on the tensile properties of nanosilica/modified
nanosilica-PP composites are shown in figure 4a.6. From the figures, it is clear that the
matrix modification improves the tensile strength of the composites. The improvement in
the tensile modulus even at 1% silica loading is particularly significant which shows that
the matrix has become stronger by the modification even though it is not pronounced at
higher particulate loading.
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Figure 4a.6: Variation of tensile and modulus strength of MA-g-PP-silica/modified silica
nanocomposites with silica content

Both figures show similar behaviour (increasing till 1wt.% silica addition and then
decreasing) for the variation of tensile properties. The tensile properties are found to be

better for MA grafted PP composites for all compositions when compared to PP
composites.

At 1wt.% silica concentration, tensile strength improved about 16% for nanosilica
and about 43% for modified nanosilica in MA-g-PP matrix as compared to pure PP. The
modulus which is an important property of the nanocomposite shows 73% improvement
for MA-g-PP composite with 1wt.% viny! group modified nanosilica.

The improvement in the tensile properties may be due to the better dispersion of
nanoparticles in PP matrix as suggested by Svehlova et al. 3 The —~OH group on silica
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surface and maleic anhydride group present in the backbone of PP experience
electrostatic interaction which gives better adhesion between filler and matrix in MA-g-
PP/silica composite. But in MA-g-PP/modified nanosilica composite there may be two
types of interactions.

1. Interaction due to the attraction between —~OH groups present on the surface of
silica and maleic anhydride groups present in the backbone of PP

2. Interaction between vinyl group in VTES-g-SiO; and polymer backbone

This will decrease the crowding of the nanoparticles and increase the bonding between
filler and matrix. Hence interfacial stress transfer efficiency will be higher for these
nanocomposites.

In general, particulate composites exhibit a reduced tensile strength and
elongation at break due to weak interfacial adhesion. However, when bonding between
fillers and matrix is strong enough then we can expect considerable improvement in
tensile strength compared to unfilled matrix.

The hardness and % of elongation of nanosilica or modified nanosilica/MA-g-PP
composites are listed in table 4a.2.

Table 4a.2: Effect of silica content on hardness and elongation

S Content | Hardness | Elongation | MS Content | Hardness | Elongation
(Wt.%) | (Shore D) (%) (Wt.%) (Shore D) (%)
0.0 56 8.13 0.0 56 8.13
05 62 7.63 0.5 63 7.94
65 7.45 1 67 7.68
68 7.01 2 7 7.32
70 6.92 3 73 719

4a.3.2.3 Flexural properties

The flexural properties of the nanocomposites of MA-g-PP are shown in figure
4a.7.There is a significant improvement in the flexural properties at all filler loading. The
maximum improvement occurs at 1wt.% silica content. This is probably due to the
decrease in particulate-matrix interaction by the agglomeration at higher filler loadings
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Figure 4a.7: Variation of flexural strength and modulus of MA-g-PP-silica/modified silica
' nanocomposites

With modified silica, the flexural modulus and strength of PP increase considerably
and the maximum value is obtained at 1% silica content. At this composition the modulus
increases by 61% and strength 58% for modified silica composite. The efficient
reinforcement may be due to uniform dispersion and good interfacial interaction of
modified nanosilica with MA-g-PP matrix.

After 1% nanosilica addition, the tensile and flexural properties are found to
decrease. This can be ascribed to the poor dispersion of nanoparticles at higher filler
concentration. This suggests that the melt mixing route or melt mixing at 50 rpm is not
enough to increase the effective interaction between nanofiller and matrix at higher
concentration of nanofiller.

4a.3.2.4 impact strength

The impact strength of the nanocomposites prepared using MA-g-PP matrix is
shown in figure 4a.8,
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Figure 4a.8: Effect of nanosilica/modified nanosilica concentration on impact
strength of MA-g-PP

At 1wt.% addition, the impact strength increases around 200% for the nanosilica
composite but for modified nanosilica the enhancement is around 325%. The higher the
interaction between the two phases, the higher is the stress that can be applied before it
breaks. Naturally, it is believed that the nature of the filler/matrix interfacial layer is
responsible for the impact property of the composites. When untreated nanosilica is
added to MA-g-PP, an increase in impact strength is observed. Increasing the filler
loading beyond 1wt.% decreases the impact strength due to uneven dispersion of the
nanoparticles in the matrix. The addition of modified nanosilica into MA-g-PP performs
much better than the other, demonstrating that the interfacial interaction in the composite
is enhanced due to the chemical bonding between the vinyl group of the silica and MA-g-
PP. The stronger interfacial adhesion would somewhat hinder molecular movement,
leading to higher resistance to the crack development in the matrix polymer.

4a.3.3 Dynamic mechanical analysis

Dynamic storage modulus (E’) is the most important property to assess the load-
bearing capability of a nanocomposite material, which is very close to the flexural
modulus3 and is usually used to study the relaxations in polymers. The ratio of the loss
modulus (E") to the storage modulus (E') is known as mechanical loss factor (tan 3).
DMA was performed on composites to determine the effect of fillers, on mechanical
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properties of the polymer. An analysis of storage modulus and Tan & curves is very
useful in ascertaining the dynamic performance of a sample under stress and
temperature. This is related to the impact properties of a material. It represents the ratio
of the dissipated energy to the stored energy and is related to the glass transition
temperature of the polymer.

The storage modulus of the PP-silica nanocomposite as a function of temperature
at 1Hz is shown in figure 4a.9. It shows a steady decrease of the modulus with
temperature. The storage modulus of the nanocomposites is found to be higher than pure
polymer at all temperatures. This may be due to the stiffening effect of silica, and efficient
stress transfer between the PP matrix and nanosilica.
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Figure 4a.9: Variation of storage moduius of PP-silica/modified silica nanocomposites
with temperature

It has been suggested that the enhancement of the storage modulus and glass
transition temperature results from the strong interfacial interaction between the polymer
and filler and the restricted segmental motion of polymer chains at the organic-inorganic
interface.3> An increase in storage modulus of PP matrix was observed by adding ZnO

particle by Zhao ef.al.%7 This is expected owing to the stiffness improvement of inorganic
particles.



Chapter 4a

1400 4

1200 4

Slorage modulus {(MPa)

1000

—=— PP
—— MA-g-PPIS
—&— MA-g-PPIMS

Temperature (°C)
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The variation of storage modulus with temperature for pure PP and MA-g-PP/silica
composites are shown in figure 4a.10. Here also the E' values show a steady decrease of
the moduli with temperature. The storage modulus of the nanocomposites is found to be
higher than the pristine polymer at all temperatures but the maleic anhydride (MA)
grafting makes a pronounced effect on it. This shows that the MA groups present in the
polymer backbone increase the interaction between filler and matrix causing an efficient
stress transfer between the PP matrix and silica.

Table 4a.3. shows the storage modulus and relative (normalized) storage
modulus (E'/E'» where E'c and E'y are the storage moduli of composite and matrix
respectively) values of nano-micro hybrid composites at temperatures 50, 100 and

150 °C.

Table 4a.3: Varniation of storage modulus and normalized storage modulus of PP-silica/madified

silica nanocomposites at 50,

100 and 150 °C

Sample Storage modulus (MPa) | Normalized storage modulus
500C | 100°C 1500C 509C too°c 150 °C

PP 821.4 2454 493 1 1 1

PP/S 866.6 297.6 89.89 1.06 1.216 18.236

PPMS 9131 299.9 86.22 1.116 1.226 17.49

*MA-g-PP/S | 1029 4074 124.9 1.25 1.66 25.33

MA-g-PP/MS | 1200 468.3 362 1.46 1.91 7343

*MA-g-PP — Maleic anhydride grafted PP
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When compared to pristine PP the storage modulus and the normalized storage
modulus of the composite is increased at all temperatures. The normalized modulus
values at 50 °C and 100 °C do not show considerable variation, but at 150 °C high
normalized modulus values are obtained by maleic anhydride grafting.

Figure 4a.11 and Figure 4a.12 show the variation of loss factor (tan 8) of PP-silica
nanocomposites. The MA grafting and incorporation of nanofiller reduces the tan 6
values of the composite by restricting the movement of polymer molecules, and also due
to the reduction in the viscoelastic tag between the stress and the strain.®3° The tan &
values were lowered in the composites compared to the pristine polymer may also
because of the less matrix by volume to dissipate the vibrational energy. The tan & values
of the composites are significantly lowered with maleic anhydride grafting. The lowering
of tan & value is a measure of enhanced interfacial bond strength and the adhesion
between the filler and matrix.
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Figure 4a.11: Variation of foss factor of PP-silica/modified silica nanocomposites
with temperature
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Figure 4a.12: Variation of foss factor of MA-g-PP-silica/ modified silica nanocomposites
with temperature

The exact role of nanofiller-polymer interface in controling the modulus is
becoming clearer. The modulus of Nylon 6/clay composites as a function of the ionic
strength of the clay was examined by Shelly et a0 The types of matrix-nano filler
interaction (Figure 4a.13) responsible for modulus changes in polymer/clay composites
are also studied.#! It is not clear that whether the modulus increase caused by different
type of interactions and/or the ionic strength is due to an increase in the interfacial shear
stress (the load-bearing efficiency of the nano filler), the ability of the nano filler to
constrain the polymer, or increases in degree of crystallinity. These effects are all related,
and the exact mechanism is still an open question.

Polymer Murix

Figure 4a.13: Types of interfacial interactions occurring in polymer-organociay nanocomposites including
direct binding (adsorption) of the polymer to the basal siloxane oxygens (type A), “dissolving” of the onium ion
chains in the polymer matrix (type B), and polymer binding to hydroxylated edge sites (type C).”

* Reproduced from Shi et al. Chem.Mater. 1996:8:1584
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Itis found that the improvement in dynamic mechanical properties of polymer nano
composites above the glass transition temperature (T,) is more significant than below
T;.% Figure 4a.14 shows this clearly for PP/montmorilionite composites. The modulus
increases by a factor of 2 below Tg, and it increases by a factor of 2.5 above Tg. This
shows that strong matrix-filler interaction takes place above Tg. That is why the present
study focused on the dynamic mechanical study above room temperature (above Tg). As
the surface area of the filler increases the interaction also increases, hence the modulus
also increases. The addition of higher volume fraction of nano fillers decreases the
modulus of the composite due to aggregation of filler (decreases the surface area).®
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Figure 4a.14: Relative dynamic storage modulus of polypropylene-clay nanocomposites as a
function of temperature at filler loadings of 2- 5 wt. percent?

4a.3.4 Crystallization characteristics

Differential scanning calorimetry (DSC) is one of the most widely accepted
techniques of thermal analysis for studying the crystallization characteristics of polymers
and their composites. The materials, as they undergo temperature changes, will undergo
changes in chemical and physical properties, which are detected by transducers, which
convert the changes into electrical signals that are coliected and analyzed to give
thermograms. In DSC, the crystallization characteristics are studied from the heat flows
associated with the corresponding transitions as a function of time and temperature,

T Reproduced from Agag et al. Polymer 2001;42:3399
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which help us to obtain qualitative information regarding the melting and phase transitions
of the composites.

Polypropylene is a semi-crystalline commodity thermoplastic. The presence of
inorganic filler affects the crystallization behaviour of the polymer. The crystallization may
have a major influence on the structure of composites and thereby on the mechanical
properties. Hence it is important to study the crystallization kinetics of a semi crystalline
polymer which determines the final properties of a polymeric product.*

4a.3.4.1 Non-isothermal Crystallization

The effect of nanosilica on the crystallization characteristics of melt compounded
PP-silica nanocomposite samples was analyzed first with non-isothermal DSC
experiments. The crystallization temperatures (T¢), the apparent melting temperatures
(Tm) and the corresponding enthalpies (AH. and AHw) for all the samples are reported in
table 4a.4.

Table 4a.4: Thermal characteristics of PP & PP-silica/modified silica nanocomposites
Sample T. AH, Tm AHp,

(°C) | (Vig) | (°C) | (Jg)
PP 110.7 {1046 | 165.73 | 102.7

PP/S 114.55 | 102 | 164.61 | 86.03

PP/MS 116.72 | 94.88 | 161.26 | 89.46

MA-g-PP/S | 122.71 | 1009 | 164.9 | 94.63

MA-g-PP/MS | 126.75 | 97.16 | 166.75 | 97.92

Figure 4a.15 shows the DSC cooling scans of PP-silica nanocomposite samples.
During cooling from the melt, the silica containing samples show crystallization exotherms
earlier than pristine PP, as also seen from the corresponding T. values indicated in table
4a4. Itis found that the nanocomposite sample containing 1wt% silica crystallizes about
4 OC earlier than pristine PP. This indicates that silica can act as nucleating agent for PP
crystallization.



Polypropylene-sifica nanocomposttes

The T, values increases with modified silica and matrix modification, even though
the silica concentration is constant. This shows that the nucleation effect will increase
with surface area, good dispersion and effective interaction of the filler with the matrix.
The agglomerating tendency of the nanosilica decreases by the presence of vinyl group
on the surface and may provide higher surface area and good dispersability in the matrix.
The matrix modification further increases the interaction between the filler and matrix so
as to increase the crystallization. That is why the presence of modified silica in MA
grafted matrix causes a rise of 16 °C in the crystallization temperature.
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Figure 4a.15: DSC cooling scans {10 °C/min from 180 °C melt) of PP-silica/modified
silica nanocomposite samples

The non-linear dependence of the SWNT as a nucleating agent in the polymer
matrix has also been reported by Valentini et al. and Probst et al*>%6 Figure 4a.16
indicates the non-isothermal crystaliization curves of PP and PP-SWNT nanocomposites
showing this behaviour. The authors describe the observed reduction in the AH, values
as a result of the proportional reduction of PP concentration in the composites.
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Figure 4a.16: DSC cooling scans of PP and PP-SWNT nanocomposites?

The crystallization temperature and the degree of supercooling (AT = Tr-Tc) may
be a measure of crystallizability; i.e. smaller the AT, higher the crystallizability. The AT
values of the PP-silica nanocomposites given in table 4a.5 are smaller by ~ 5 to 15 °C
than that of pristine PP. This reveals that the crystallizability of the nanocomposites is

higher than that of PP.

Table 4a.5: AT values of PP & PP-silica/modified sitica nanocomposite samples

AT
Sample % of crystallization
(°C)
PP 55.03 39.63
PP/S 50.06 41.56
PP/MS 44.54 43.22
MA-g-PP/S | 4219 45.71
MA-g-PP/MS | 40 47 .31

4a.3.4.2 Isothermal crystallization

Figure 4a.17 shows the typical isothermal crystallization curves of PP-silica
nanocomposite samples at five temperatures (110, 115, 120, 125 and 130 °C). The time
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corresponding to the maximum in the heat flow rate {exotherm) is taken as the peak time
of crystallization (tea). Such peaks are seen at each of the five isothermal crystallization
temperatures for 1wt% silica nanocomposites, with the earlier or faster crystallization
(smaller tea) corresponding to lower temperature of isothermal crystallization as
compared to pristine PP. In the case of pure PP, no peak is seen at the highest
temperature of 130 °C because crystallization is very slow and would require longer time
than the 4 minutes employed in the DSC program. On the other hand, for the
nanocomposite samples with 1wt% silica, the rate of crystallization is so fast near the
lowest temperatures that most of the crystallization occurs during the cooling scan
(60°C/min) employed to reach the temperatures (110 or 115 °C). This results in absence
of exothermic peaks in the heat flow curves at those temperatures.

The peak crystallization time of PP-silica nanocomposite samples are plotted
against the crystallization temperatures (figure 4a.18). It is noticeable that the toea values
of the nanocomposite samples reduceed to less than 50% as compared to pristine PP
due to the presence of silica. With the modified silica and matrix grafting there is further
increase in the crystallization rate (as indicated by the decrease in t.«), demonstrating
the role of modification on the surface of silica and polymer backbone for enhancing the
rate of crystallization by better matrix-filler interaction.
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Figure 4a.17: Heat flow during isothermal crystallization of PP-silica/modified silica
nanocomposites
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Figure 4a.18: Effect of silica/modified silica content on the peak crystallization time
of the nanocomposites at different isothermal crystallization temperature

4a.3.5 Thermogravimetric analysis

The understanding of thermal stability and degradation characteristics of polymers
and polymeric compounds are essential 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.

Itis well known that thermal stability of a polymeric material can be improved by
inorganic nanofillers.4” Strong interaction between the polymer and filler is essential for
achieving good mechanical properties and thermal stability.® The inorganic nanofillers
have poor dispersibility in the polymer matrix because of their hydrophilic nature of
surface. The use of a coupling agent usually improves the interfacial adhesion between
the inorganic nanofillers and the polymer matrix. Chan et al. reported that CaCOs
particles in polypropylene (PP) improved the thermal stability of PP. Li et al. observed
that the flame retardant properties of PP improved by using starch as a filler.
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Figure 4a.19: Themogravimetric traces of PP and PP-Silica/modified silica
nanocomposites

The thermal stability of the composites usually assessed by thermogravimetry
(TGA) in which the mass loss of the sample is monitored as a function of temperature or
time.® The TG curves of PPi/silica composites and MA-g-PP/silica composites are given
in figures 4a.19 and 4a.20 respectively. The temperature of onset of degradation (T), the
temperature at which the rate of decomposition is maximum (Tma) and the residue at
600°C are given in table 4a.6.
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Figure 4a.20: Themogravimetric traces of PP and MA-g-PP-Silica/modified
silica nanocomposites
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All samples show similar degradation pattern (single step degradation). PP/silica
composites start the degradation around 390 ©C. The Tma values show slight
improvement in thermal stability because of the presence of silica and modified silica.
The degradation of maleic anhydride grafted PP/silica composites start around 450 °C.
This shows that the thermal stability of maleic anhydride grafted composites improves
notably. This shows that the polar nature of polymer increases the interaction of filler with
matrix and hence increases the cross linking between the chains.

Table 4a.6: Degradation characteristics of PP and its composites

Onset temp | Peak max
Sample Residue at 600 °C
(TH(°C) | (Tmax) (°C)
PP 387 436 06
PP/S 396 438 13
PP/MS 399 445 19
MA-g-PP/S 450 470 1.97
MA-g-PP/MS 453 477 1.77
4a.4 CONCLUSIONS

The study shows that PP-silica nanocomposites can be successfully prepared by
melt-mixing method and that

¢ The incorporation of modified nanosilica improves the properties of PP
nanocomposites.

o Effective reinforcement occurs by modified nanosilica.

»  Chemical modification of the matix significantly improves the properties of
nanosilica composites.
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The presence of modified nanosilica with MA-g-PP showed all round
performance.

The crystallization temperature of PP enhances with the presence of modified
nanosilica and maleic anhydride grafting.

The presence of nanosilica and modified nanosilica enhances the thermal
stability of composites.

The dynamic properties are also improved with the addition of silica. The
properties show further improvement with silica modifiction and maleic
anhydride grafting.
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High density polyethylene-silica nanocomposites

4b.1 INTRODUCTION

From a theoretical point of view, the nanoeffects from the nanoparticles in the
nanocomposites provide an important window to modify traditional polymers and related
materials, and thus play an important role in reforming traditional industry. In other words,
polymer nanocomposites can be applied to those fields where pure polymer materials
have been used because of their advantages and unique properties derived from
nanoscale structures. Nanocomposites exhibit low thermal expansion coefficient,
improved mechanical properties, flame retardancy, higher barrier properties and swelling
resistance.! Loading small amounts of inorganic nanoparticles usually produces superior
properties in nanocomposites. For example, in nylon 6-MMT nanocomposites with a load
as less as 5% (by wt), the heat distortion temperature (HDT) increases to 150 °C
compared to the 65 °C of pure nylon 6, while its density remains nearly unchanged. The
loading of inorganic nanoparticles with polymers have received great interest in recent
years because it improves the strength and toughness of the polymer, which are not
achievable with conventional filled polymers.2 The properties of the composites are the
result of a complex interplay between the individual constituent phases namely the
matrix, the filler and the interfacial region.

High density polyethylene (HDPE), the world's largest volume using thermoplastic
finds wide use in packaging, consumer goods, pipes, cable insulation etc. The availability
and recyclability of HDPE make it a primary material in the material substitution chain. To
encourage the application area of HDPE, it requires superior modulus, yield strength and
high impact strength. Considerable enhancements in these mechanical properties of
thermoplastic materials are realized by reinforcement with inorganic minerals such as
mMica, wallastonite, glass bead, talc and calcium carbonate.

The present study aimed to produce HDPE and maleic anhydride grafted HDPE
nanocomposites with silica and modified silica. Mechanical, thermal, crystallization and
dynamic mechanical performance of the composites are analyzed.
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4b.2 EXPERIMENTAL

HDPE/silica nanocomposites were prepared by melt-mixing method. This was
performed in a Torque Rheometer (Thermo Haake Rheocord 600) at 150 °C and at a
rotor speed 50 rpm for 8 min. The concentration of nanosilica and modified nanosilica
was varied from 0 - 3wt%. The torque stabilized to a constant value within 8 minutes. The
resulting compound was hot pressed into thin sheets and cut into pieces. The matrix was
modified with maleic anhydride according to US patent, 4,753,997.

The tensile properties of the samples were determined using dumb-bell shaped
samples on a Universal Testing Machine (Shimadzu AG-1) at a crosshead speed of 50
mm/min according to ASTM-D-638. Flexural properties of the composites were measured
by three point loading system using Universal Testing Machine (Shimadzu AG-1) as per
ASTM-D-790 at a crosshead speed of 5 mm/min. Impact strength of the samples was
determined using Resil impactor junior {Ceast) (ASTM-D256). The dynamic mechanical
performance, crystallization behaviour, thermal stability and morphology of the
nanocomposites were analyzed using Dynamic Mechanical Analyser (DMA, Q800 TA
instruments), Differential Scanning Calorimeter (DSC, Q100-TA instruments),
Thermogravimetric analyzer (Q50 — TA instruments) and Scannig Electron Microscope
(SEM, JEOL JSM 840 A) respectively.

4b.3 RESULTS AND DISCUSSION
4b.3.1 HDPE - silica nhanocomposites
4b.3.1.1 Torque studies

It has been widely established that the mechanical properties of crystalline
polymeric materials strongly depend on processing conditions and techniques used to
process the materials. The same polymeric material can be processed into a soft and
flexible product or a strong and stiff product under different conditions. The variation of
torque with different nanosilica loading is shown in figure 4b.1. The torque stabilized to a
constant value within 8 min. Initially torque rises to a maximum value due to the charging
of HDPE & silica and after that it declines to a constant value, showing the proper mixing
and homogenization of the composites. The temperature of the mixing chamber was kept
at 150 °C. From the figure, it is clear that there is no degradation during the mixing stage.
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Figure 4b.1: Variation of mixing torque with time of HDPE/silica nanocomposites

The variation of mixing torque with time of mixing of modified nanosilica in HDPE
is found to be same as that of the above case. In this case also, the mixing time was fixed
as 8 minutes since the torque got stabilized by this time.

4b.3.1.2 Tensile properties

The response of a polymer to an external force is mainly through the motion of the
chain segments of the coils, which dominates the yielding behaviour of the polymer 45
When a semi-crystalline polymer is subjected to an external load, the chain segments in
the crystalline regions slip causing the lamellae to disintegrate locally and the polymer to
yield and neck .57

The effect of nanosilica and modified nanosilica on tensile performance of HDPE is
shown in figure 4b.2.
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Figure 4b.2: Variation of tensile strength and modulus of HDPE-silica/modified silica
nanocomposites with silica content

The results shows that there is an increase in the tensile strength and modulus
from 0 to 2 wt% nanosilica addition and then slightly decreases with increase in
concentration of nanosilica. The tensile strength shows an increment of about 22% and
modulus about 30% with 2wt.% modified nanosilica addition. So it is clear that modified
nanosilica loading increases the strength and modulus of the matrix. This may be due to
the uniform dispersion and good wetting of the modified nanosilica in the matrix by the
help of the vinyl group on the surface. Uniform dispersion of nanoparticles is very
important because, if the stress field gets concentrated around any aggregates in the
matrix, the cracks will propagate rapidly and cause premature failure of the product. The
modification of silica decreases the aggregation tendency by decreasing the surface
energy of the nanosilica. The hardness and percentage elongation of nanosilica and
modified nanosilica/HDPE composites are listed in table 4b.1. The shore D hardness also
supports the above reinforcement. The elongation at break is found to decrease with
increasing nanosilica loading, indicating that the nanocomposites become somewhat
brittle.
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Table 4b.1: Effect of nanosilica/modified nanosilica content on hardness and elongation

S Content | Hardness | Elongation | MS Content | Hardness | Elongation
(Wt.%) | (Shore D) (%) (Wt.%) | {Shore D) (%)
0.0 60 14.8 0.0 60 14.8
0.5 61 12.9 0.5 62 13.3
1 63 1.5 1 65 12.6
2 66 9.7 2 68 10.9
3 68 54 3 70 6.7

4b.3.1.3 Flexural properties

A comparison of flexural strength and modulus of nanocomposites prepared using
nanosilica and modified nanosilica in HDPE matrix are shown in figure 4b.3. With the
addition of 2wt.% nanosilica in HDPE, the flexural strength and modulus increases about
30% & 28% respectively, and the modified nanosilica makes an improvement of about
45% and 40% respectively. The properties increases steadily at the level of 2% and then
shows a slight decline in values. This means that a satisfactory reinforcement can be
obtained with the incorporation of nanosilica in HDPE matrix. The surface modified
nanoparticles undergo uniform dispersion and good interfacial interaction with HDPE
matrix. This accounts for the better reinforcement of modified nanosilica with HDPE.
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Figure 4b.3: Variation of flexural strength and modulus of HDPE-silica/modified silica
nanocomposites
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4b.3.1.4 Impact strength

The energy dissipating actions that occur in the vicinity of a sharp crack is related
to the toughness of a material. The interfacial interaction between fillers and polymer
matrix significantly influence the mechanical properties of a particulate filled composite.
Friedrich® highlighted that semi-crystalline polymers consisting of small spherulites are
generally tougher than those containing coarse spherulites because larger spherulites
have weak boundaries. He also provided the evidence for the effect of this morphology.
Ouderni and Philips? studied on the effect of crystallinity and found that an increase in
crystallinity or spherulite size decreases the toughness and thus confirmed Friedrich’s
conclusion. The behaviour of the composite depends on crystallinity, crystal structure
(morphology), lamellar thickness and interfacial interactions. Increase in lamellar
thickness with percentage of filler is an indication of reinforcement. Hence yield stress in
neat semicrystalline polymers is proportional to lamellar thickness. In HDPE-nanosilica
composites, there is no appreciable change in crystallinity and the reinforcement indicate
an increase in lamellar thickness.
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Figure 4b.4: Effect of nanosilica/modified nanosilica concentration on impact
strength of HDPE

Unnotched Izod impact strength of HDPE-silica/modified silica hanocomposites is
depicted in figure 4b.4. With 2wt.% of modified nanosilica, the impact strength of HDPE
increases by about 30%; but with 2wt.% nanosilica, enhances the impact strength of
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about 25%. This shows that the toughness of the composites increased by both
nanosilica and modified nanosilica content.

4b.3.2 Effect of matrix modification on HDPE-Silica
nanocomposite

4b.3.2.1 Torque studies

- #— MA-g-HDPE +1% nanocsilica
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Figure 4b.5: Variation of mixing torque with time of HDPE-silica/modified silica
nanocomposites

The variation of mixing torque with time at different filler loading is shown in figure
4b.5. The torque values are found to be steady within the mixing time.

4b.3.2.2 Tensile properties

The enhancement in properties of nanocomposites even at low filler loading may
depend on the nature of the interactions between the filler and the matrix. Wang et al.
prepared maleated polyethylene/clay nanocomposite by melt mixing and studied their
properties.'® The effect of nanosilica and modified nanosilica on tensile performance of
MA-g-HDPE is shown in figure 4b.6.
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Figure 4b.6: Variation of tensile strength and modulus of MA-g-HDPE-silica/modified
silica nanocomposites with silica content

The results shows that there is an increase in tensile strength and modulus till
2wt.% silica addition and then a slight decreases with increase in concentration of silica.
The tensile strength showed an increment of about 50% and modulus about 80% at this
concentration with modified nanosilica addition.

The shore D hardness also supports this observation. The elongation at break is found to
decrease with increase nanosilica loading, indicating that the nanocomposites become
somewhat brittle.

Table 4b.2: Effect of nanositica/modified nanosilica content on hardness and elongation

S Content | Hardness | Elongation | MS Content | Hardness | Elongation
(Wt.%) | (Shore D) (%) (Wt.%) | (Shore D) (%)
0.0 60 14.8 0.0 60 14.8
0.5 63 13.2 0.5 64 14.1
1 65 12.8 1 67 13.5
2 67 10.6 2 71 1.7
3 70 7.3 3 73 9.1
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4b.3.2.3 Flexural properties

A comparison of flexural strength and modulus of nanocomposites prepared using
nanosilica and modified nanosilica in MA-g-HDPE matrix are shown in figure 4b.7
respectively.
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Figure 4b.7: Variation of flexural strength and modulfus of MA-g-HDPE-silica/modified
silica nanocomposites

With the addition of 2wt.% silica in MA-g-HDPE, the flexural strength and modulus
increases by 70% and 60% respectively for nanosilica and 90% and 120% for modified
nanosilica compared to pure HDPE. The properties increases steadily at the level of 2%
and remain almost constant at higher compositions for silica. This means that a

satisfactory reinforcement can be obtained with the incorporation of nanosilica in MA-g-
HDPE matrix.

4b.3.2.4 Impact strength

The effect of nanosilica and modified nanosilica on MA-g-HDPE is shown in figure
4b.8. The increase in impact strength is prominent at 1wt.% silica addition.
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Figure 4b.8: Effect of nanosilica/modified nanosilica concentration on
impact strength of MA-g-HDPE

The mechanical properties study showed that the modified nanosilica loading
increases the strength and modulus of the matrix. This may be due to the uniform
dispersion and good wetting of the modified nanosilica in the matrix by the help of the
vinyl group on the surface. Uniform dispersion is very important because, in the case of a
matrix with aggregates of particles, the stress field will be concentrated around any
aggregates, such that the cracks will propagate rapidly, causing premature failure.

4b.3.3 Dynamic mechanical analysis

The dynamic storage modulus of the HDPE-silica nanocomposite as a function of
temperature at 1Hz is shown in figure 4b.9. it shows a steady decrease of the moduli with
temperature. The storage modulus of the nanocomposites showed an increase at all
temperatures compared to pure polymer. The composite with modified nanosilica showed
significant increase in storage modulus. This indicates the efficient stress transfer
between matrix and modified nanosilica.
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Figure 4b.10: Variation of storage modulus of MA-g-HDPE-sitica/modified silica
nanocomposites with temperature

The variation of storage modulus with temperature for pure HDPE and MA-g-
HDPE/silica composites are shown in figure 4b.10. The maleic anhydride (MA) grafting
makes a noticeable increase in storage modulus at all temperatures. This shows that the
MA groups present in the polymer backbone increase the interaction between filler and
matrix, causing an efficient stress transfer between the HDPE matrix and silica.
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Table 4b.3 shows the storage modulus and relative (normalized) storage modulus

values of nano-micro hybrid composites at temperatures 40, 80 and 120 °C.

Table 4b.3. Variation of storage modulfus and normalized storage modulus of HOPE-
silica/modified silica composites at 40, 80 and 120 °C

Sample Storage modulus (MPa) Normalized storage modulus
400C | 80°C 120 °C 40 °C g0cC 120 °C
HDPE 7812 | 286.3 63.49 1 1 1
HDPE/S 891 3253 73.63 1.14 1.14 1.16
HDPE/MS 9951 | 4076 126.9 1.27 1.42 1.99
MA-g-HDPE/S | 1178 | 499.5 143.6 1.51 1.74 226
MA-g-HDPE/MS | 1454 | 613.2 169.9 1.86 214 2.68

The storage modulus and the normalized storage modulus of the composites
increase with silica/modified nanosilica and MA-grafting at all temperatures. The

normalized modulus values show a steady increase at 40 °C, 80 °C and 120 °C,

Figure 4b.11: Variation of loss factor of HOPE-silica/modified silica nanocomposites with

Tans

— o HDPESS

—a&— HOPE/MS

T T
40 60

T
80

Temperalure (‘C)

femperature

—
100 120




High density polyethylene-sifica nanocomposites

0.40
—e— HDPE
0.35 —e— MA.g-HDPE/S
—a— MA.g-HDPE/MMS .
030 ‘ <
o
v
P ¥
§°% Ve7d
= L
J e g ah
020 e = o
el
I/.
0.15 o ./
r"/
010 ./-/.
v

Temperature (°C)

Figure 4b.12: Variation of loss factor of MA-g-HDPE-silica/modified silica
nanocomposites with temperature

Figure 4b.11 and figure 4b.12 show tan & versus temperature plots of HDPE-silica
nanocomposites. The incorporation of nanosilica/modified silica has no effect on the tan &
values. But MA grafting reduces the tan & values of the composite by restricting the
movement of polymer molecules, and also due to the reduction in the viscoelastic lag
between the stress and strain. The tan & values were lowered in the composites
compared to the pure polymer may alsc because of the fewer matrixes by volume to
dissipate the vibrational energy. The tan & values of the composite are significantly
lowered with maleic anhydride grafting. The lowering of the tan & value is a measure of
enhanced interfacial bond strength and the adhesion between matrix and filler.

4b.3.4 Crystallization characteristics
4b.3.4.1 Non-isothermal Crystallization

The non-isothermal crystallization characteristics of melt compounded HDPE-silica
nanocomposite obtained from DSC experiments is shown in figure.4b.13 The
crystallization temperatures (Tc), the apparent melting temperatures (Tn) and the
corresponding enthalpies (AH. and AH.) for all the samples are reported in table 4b.4.
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Figure.4h.13: DSC cooling scans (10 °C/min from 160 °C melt) of HDPE-silica/modified
silica nanocomposite samples

Figure.4b.13 indicates that for a given cooling rate, peak crystallization
temperature (T} is slightly higher than HDPE, as seen from the corresponding T. values
indicated in table 4b.4. This means that the addition of silica particles in HDPE increases
the crystallization rate of HDPE. About 3 SC rise of T is observed for the composites
prepared by 1% modified nanosilica addition and MA-grafting.

Table 4b.4: Thermal characteristics of HDPE-silica nanocomposite samples

To | &He | Tw | AHn
(°C) | Wig) | (°C) | (°C)
HDPE 114.63 [ 1933 | 131.98 | 1727

Sample

HDPE/S 116.74 | 156.2 | 130.64 | 1356

HDPE/MS 117.18 | 163.6 [ 132.15 | 154.3

MA-g-HDPE/S | 116.9 | 1556 | 131.02 | 141.2

MA-g-HDPE/MS | 117.29 | 229.7 | 130.97 | 2024
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The T, values increases with modified silica addition and matrix modification even
though the silica concentration is constant. This tendency shows that the nucleation effect
will increase with surface area, good dispersion and effective interaction of the filler and
matrix. The agglomerating tendency of nanosilica decreases by the presence of vinyl
group on the surface and may provide higher surface area and good dispersability in the
matrix. The matrix modification further increases the interaction between filler and matrix
s0 as to increase the crystallization.

4b.3.4.2 Isothermal crystallization

Figure 4b.14 shows the typical isothermal crystallization curves of HDPE-silica
nanocomposite samples at five temperatures (110, 115, 120, and 122 °C). The peak time
of crystallization (t.a) can be seen at each of the four isothermal crystallization
temperatures for HDPE-silica nanocomposite with 1wt% silica. No peak is seen at the
highest temperature of 122 OC for pristine HDPE. This shows that the 4 minutes
employed in the DSC program is not enough for crystallization. On the other hand the
rate of crystallization of maleic anhydride grafted HDPE nanocomposite samples with
1wt% silica/modified silica, is so fast near the lowest temperatures that most of the
crystallization occurs during the cooling scan (60 °C/min) employed to reach the
temperature (110 or 115 °C).

The peak time of crystallization at different temperatures for all the HDPE-silica
nanocomposite samples is plotted against the isothermal crystallization temperature
(figure 4b.15). It is noticeable that the the. values of the nanocomposite samples is
reduced to less than 50% as compared to pristine HDPE due to the presence of silica.
Maleic anhydride grafting on the polymer backbone further increases the crystallization
rate (as indicated by the decrease in ), which indicates a stronger interaction between
the matrix and filler.
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Figure 4b.14: Heat flow during isothermal crystallization of HDPE-silica/modified silica
nanocomposites
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Figure 4b.15: Effect of silica/modified silica content on the peak crystallization time
of the nanocomposites at different isothermal crystallization temperature

4b.3.5 Thermogravimetric analysis

The addition of inorganic filler into polymer matrix increases the activation energy
of thermal oxidation and thus it has some stabilization effect. The addition of talc,
wollastonite and CaCQs give more stability to HDPE."

The thermogravimetric traces of HDPE, HDPE/silica composites and MA-g-
HDPE/silica composites are given in figures 4b.16 and 4b.17 respectively. The
temperature of onset of degradation (T), the temperature at which the rate of
decomposition is maximum (T and the residue at 600 °C are given in table 4b.5.

v T T , v
100 200 200 400 500 500
Temperature (°C)

Figure 4b.16: Themogravimetric traces of HDPE and HDPE-silica/modified silica
nanocomposites
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All samples show similar degradation pattem (single step degradation). Thermal
degradation profiles of HDPE and its composites exhibit that most of the degradation
events occur between 365 and 525 °C. The onset of degradation and Tmax improved
>60°C and >15 °C for HDPE-modified silica composite compared to HDPE. This shows
that the addition of nanosilica and modified silica effectively improve the thermal stability
of the HDPE.

Table 4b.5: Degradation characteristics of HDPE and its composites

Onset temp. | Peak max | Residue at 600 °C

Sample
(T) (°C} | (Tmar) (°C) (%)
HDPE 362.6 476 0.51
HDPE /S 4487 480.2 27
HDPE /MS 477 494.21 23
MA-g-HDPE /S 473.3 4951 34
MA-g-HDPE /MS 470.8 492 6 22

The thermal degradation of maleic anhydride grafted HDPE nanocomposites start
at 460 OC. This shows that the thermal stability of nanocomposite is improved notably
with maleic anhydride grafting.

T T — —
100 200 300 400

Temperature {’C)

Figure 4b.17: Themogravimetric traces of HDPE and MA-g-HDPE-silica/modified silica
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4b.4 CONCLUSIONS

The study shows HDPE-silica nanocomposites can be successfully prepared by
melt-mixing method and that

The incorporation of silica/modified nanosilica improved the properties of
HDPE nanocomposites.

Effective reinforcement occurs by modified nanosilica

Chemical modification of the matix also improves the properties of nanosilica
composites.

Maleicanhydride grafted HDPE show good performance upon modification
with nanosilica.

The crystallization temperature of HDPE slightly enhances with the presence
of modified nanosilica and maleic anhydride grafting.

The presence of nanosilica and modified nanosilica improves the thermal
stability of composites.

The dynamic properties are also improved with the addition of silica. The
properties show further improvement with silica modifiction and maleic
anhydride grafting.
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Chapter 5

Modification of polypropylene - short fibre
composite with nanosilica/modified
nanosilica

Part- a

Polypropylene-glass fibre-silica hybrid nanocomposites

5a.1 INTRODUCTION

Fibre reinforced thermoplastic composites have incredibly attracted the polymer
composite industry in the recent years. Thermoplastic composites have been
replacements for thermoset composites in some applications, and have generated
entirely new fields of application. Major attractions of thermoplastic composites include
greater impact damage tolerance, i.e. improved toughness, postformability, and
weldability. Their waste can be reduced and/or recycled more simply and valuably than
thermoset materials. The use of short fibres as reinforcing agents in polymers opens up a
new avenue for the utilization of waste fibres, available in plenty from fibre and textile
industries. Recently short fibres have found a variety of applications in plastics due to the
ease of mixing and consequent processing advantages in fabricating products of
complicated design coupled with greater reinforcement. The properties of short- fibre-
containing composites depend critically on fibre content, orientation and fibre-matrix
interface.

Continuous improvement on the performance of glass fibre—reinforced
polypropylene has been gaining ground to replace metal and other more expensive
composite materials. Examples can be found in the weed trimmer from Black and Decker,
the housing and adapter plate for pumps of Hayward pool products, air-cleaner housings
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and trays for light trucks, hockey skate components, automotive fender liners, and
ammunition boxes.! Glass fibre-reinforced polypropylene has certain advantages over
other engineering plastics, the main ones being low cost and low specific gravity. While
low dimension and thermal stability limits the scope of polypropylene composites, most
schemes to improve polypropylene gas barrier properties involve either addition of higher
barrier plastics via a multilayer structure or surface coatings. Although effective, the
increased cost of these approaches negates one big attraction for using polypropylene in
the first place-economy. Currently, the engineering applications employ glass or mineral-
filled systems with loading levels ranging from 15 to 50wt%. This approach improves
most mechanical properties, but polypropylene’s ease of processing is somewhat
compromised. At such high particle volume fractions, the processing of the material often
becomes difficult and since the inorganic filler has a higher density than the base
polymer, the density of the filled polymer is also increased and leads to greater moulded
part weight. As a result the advantages of polymers, i.e., their ease of processing and
light weight, is lost, which limits various applications of polypropylene composite. To
overcome this drawback, a composite with improved properties and lower particle
concentration is highly desired. With regard to this, the newly developed nano-micro
composites would be competitive candidates.

In this part the effect of nano-micro hybrid (nanosilica and micro glass fibre) at
different loadings on PP is discussed. The effect of modification of nanosilica and PP is
also presented.

5a.2 EXPERIMENTAL

Short glass fibre reinforced polypropylene composites were prepared in a Torque
Rheometer (Thermo Haake Rheocord 600). The variation of torque with time of mixing
was monitored. The matrix was modified with maleic anhydride according to US patent,
4,753,997.

The modification of PP-glass fibre composites with nanosilica/modified
nanosilica was also done in Torque Rheometer. 1 and 2wt.% of silica/modified silica
loaded hybrid nanocomposites were prepared. The mixing time of 8 minutes was used at
a rotor speed of 50 rpm. The temperature of the mixing was fixed as 180 °C. In all cases
the torque stabilized to a constant value in this time.
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Dumb-belt and rectangular shaped samples were prepared by injection moulding
in a semiautomatic laboratory injection moulding machine. The tensile properties of the
samples were determined using universal testing machine (Shimadzu) at a crosshead
speed of 50 mm/min according to ASTM-D-638. Flexural properties of the composites
were measured by three-point loading system using the universal testing machine
according to ASTM-D-790. Impact strength of the samples was determined using Resil
impactor junior (Ceast) (ASTM-D256). The crystallization behaviour was analyzed using
DSC Q100 (TA instruments). The storage modulus and mechanical damping (tan 5) was
measured using a dynamic mechanical analyzer model Q800 (TA instruments).

5a.3 RESULTS AND DISCUSSION
5a.3.1 Polypropylene-glass fibre composite
5a.3.1.1 Torque studies

The variation of mixing torque with time of mixing at different fibre loading is shown
in figure 5a.1. A mixing time of 8 minutes was fixed since the torque stabilized to a
constant value during this time in all cases. The temperature of the mixing chamber was
fixed as 180 ©C. The stabilization of the torque may be related to the attainment of a
stable structure after a good level of mixing. The torque values are increased with
increase in fibre loading. This shows that there is not much degradation in length of the
glass fibre and behaves as fibrous filler under the given conditions.

Initially torque increases with the charging of PP, but decreases with melting. After
homogenization of PP, glass fibres were added. Then the torque rise again and levels off
in about 5 min. Also, it is clear from the figure that there is no degradation during the
mixing stage.
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Figure 5a.1: Variation of mixing torque with time of PP/Glass fibre composites

5a.3.1.2 Effect of fibre length
a) Tensile properties

The effect of initial chopped length of the fibre has studied by Schweizer and
Turkovich.2,3 Schweizer used, a homopolypropylene Profax 6523 as the resin matrix with
reinforcement as K-fibre in different lengths and found the average length of the glass
fibre decreases by 0.005-0.0026 in. in the injection moulding pracess. The degradation in
fibre length as a function of mixing time from 0 to 40 min in the polypropylene melt was
carried out on the plasticorder torque rheometer by Fisa.? The transformation of input
strand length into short broken fragments in the final compound occurred via two
processes overlapping in time. First, the strand bundles are filamentized into individual
fibres. The study showed significant fibre degradation at this stage. The higher the glass
concentration, the shorter time it happens. The individual fibres are further broken down
into small fragments as a result of shear stress in the melt. This fibre—melt interaction was
confimed by the continuing decrease of fibre length with mixing time at very low glass
concentration. Increasing PP resin viscosity shows a strong decline of fibre length at 40%
glass content. The effect of mixer rotor speed from 15 to 90 rpm on the final fibre length is
negligible for 40wt% glass content. At 2wt% glass content, the fibre length decreases with
the increase of rotor speed.
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When the glass fibre—reinforced polypropylene compound is melted and
injection moulded into the final part, the glass fibres are subject to degradation in the
process and will cause lower tensile and flexural strengths of the composite.® The above
observations showed that the processing conditions and methods have a direct effect on
fibre breakage which in turn will affect the final mechanical properties. 10wt.% glass fibre
filled polypropylene composite were prepared with different average fibre length of 2, 4, 6,
8 and 10 mm to study the effect of fibre length on the tensile strength. Figure 5a.2 shows
the variation of tensile strength with fibre length.
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Figure 5a.2: Variation of tensile strength with fibre length

Figure 5a.2 shows that a steep increase in tensile strength is noticed up to 6mm
fibre length and slight increase thereafter till 8mm fibre length and then decreases.

b) Flexural properties

The effect of fibre length on the flexural strength is given in figure 5a.3. Flexural
strength increases with increase in fibre length up to 6 mm and after 8 mm it decreases
as in the case of the tensile strength.
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Figure 5a.3: Variation of flexural strength with fibre length

Tensile and flexural tests showed that the good reinforcements obtained between
6- 8 mm length of the glass fibre. Hence 8 mm length was taken as optimum fibre length
for further studies.

5a.3.1.3 Effect of fibre loading

PP composites with 10, 20, 30, 40 and 50 weight percentages of glass fibre were
prepared using glass fibres of 8mm length to study the effect of fibre loading.

a) Tensile properties
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Figure 5a.4: Variation of tensile strength and moduius with fibre loading
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Figure 5a.4 show the variation of tensile strength and tensile modulus of glass
fibre/PP composites with fibre loading. The tensile strength increases with fibre loading
up to 40% and then shows slight decrease. The decrease in strength at higher loading
may be due to crowding of fibres, which prevents efficient matrix-fibre stress transfer.
Generally tensile strength, tensile modulus flexural strength and flexural modulus of
GFRP increase with glass content. But the melt flow decreases at higher glass fibre
loading.8.78

b) Flexural properties

The effect of fibre loading on the flexural strength and flexural modulus of glass
fibre/PP composites is shown in figure 5a.5. From the figures it is clear that both flexural
strength and modulus increases with fibre content. The maximum modulus is observed at
40% fibre loading. We already found that the tensile properties also increase with glass
content.
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Figure 5a.5: Variation of flexural strength and modulus with fibre loading

c) Impact strength

Figure 5a.6 shows the effect of fibre loading on unnotched tzod impact strength
of glass fibre/PP composites. This shows that the impact strength increases till 20wt.% of
glass fibre content and then decreases.
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Figure 5a.6: Variation of impact strength with fibre loading

Notched |zod impact strength of GFRP increases with the glass content and
peaks at either 20 or 30wt.% depending on the diameter of the fibre. But unnotched 1zod
impact strength decreases with more glass fibres in the composites. %191 The higher
impact strength versus glass content is also reported by Karger Kocsis in both T and L
notched specimens.'2 This contributes to the fact that the fibre avoids cracking path,
mostly due to fibre debonding and pull-out process, increases with increasing glass
content,

The observations of mechanical properties show that the tensile and flexural
strength increase linearly with the glass content up to 30% by weight. The addition of
glass fibres reduces the strain to failure. Higher fibre content results in a higher
concentration of failure initiation sites and thus a lower tensile strain. The cause of
lowering the mechanical properties at higher fibre content may be because of high void
content and crowding of fibres.

5a.3.2 Modification of PP-glass fibre composite with
silica/modified silica

5a.3.2.1 Torque studies

The variation of mixing torque with time of mixing at different filler loading is shown
in fiara R2 7 A mixing time of 8 minutes was fixed since the torque stabilized to a
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constant value during this time. The temperature of the mixing chamber was also fixed as
180 °C. The initial and final torque values are not affected by nanofiller additions.
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Figure 5a.7: Torque - Time curve of PP hybrid composites

The reinforcement of PP-glass fibre composites with 1wt.% nanositica and
modified nanosilica show better performance. Hence the properties of the 1wt %
nanosilica/modified nanosilica reinforced hybrid nanocomposites are discussed in detail.

5a.3.2.2 Tensile properties

When the nano filler disperse well with the aid of fibres the stress will be
transferred effectively from the matrix to the nano filler by a shear transfer mechanism.
Figure 5a.8 show the variation of tensile strength and tensile modulus of PP/glass fibre
composites with fibre and silica/modified silica loading. The tensile strength increases
with the nanosilica and modified silica addition into the PP/glass fibre composites. The
increase with 10% glass fibre is more pronounced. There will be crowding of of fibres at
higher loading and this prevents good interaction between fibre and nano filler with matrix
and thus there will not be efficient stress transfer form the matrix.
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5a.3.2.3 Flexural properties

Figure 5a.9 shows the effect of nanofiller loading on the flexural strength and
flexural modulus of glass fibre/PP composites. From the figures it is clear that both
flexural strength and modulus increase with fibre as well as nanosilica content. Here also
modulus and strength increases with particulate filler addition to the short fibre composite.
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Figure 5a.9: Variation of flexural strength and modulus with fibre loading and
silica content
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5a.3.2.4 Impact strength

Figure 5a.10 shows the effect of nanofiller loading on impact strength of the
composites. The figure shows increasing impact strength till 20% glass fibre loading and
then decreases.
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Figure 5a.10: Variation of impact strength with fibre loading and silica content

5a.3.3 Effect of matrix modification on the mechanical
properties nano-micro hybrid composite

5a.3.3.1 Torque studies

The variation of mixing torque with time of mixing at different filler loadings is
shown in figure 5a.11. A mixing time of 8 minutes was fixed since the torque stabilized to
a constant value during this time. The temperature of the mixing chamber was also fixed
as 180 OC. The matrix grafting affects the final torque value of the composites. This
shows that matrix grafting incre ases the interaction of filler with matrix.
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Figure 5a.11: Torque - Time curves of MA grafted PP composites

5a.3.3.2 Tensile properties

Figure 5a.12 shows the effect of chemical treatment on the tensile
properties of glass fibre/PP composites and PP nano-micro hybrid composites. From the
figures, it is clear that the matrix modification improves the tensile strength of the
composites due to the strong interaction between the polar group in grafted PP and
hydroxyl or silanol groups on the surface of the glass fibre. The improvement in the
tensile modulus even at 10% fibre content is about 39%. This is particularly significant
because it shows that the matrix has become stronger by the modification even though
this is not very pronounced at higher fibre loading due to fibre crowding.
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Figure 5a.12: Variation of tensile strength and modulus with fibre loading and
silica content

The improvement of adhesion between the filler and MA treated matrix can be
seen from the scanning electron micrographs (SEM) of the fractured surface of PP/glass
fibrefsilica hybrid nanocomposite and that of MA-g-PP/glass fibre/modified silica hybrid
nanocomposites (Figures 5a.13 and 5a.14). The fractured surface of unmodified matrix
shows holes and the fibre surface retain low amount of matrix indicating poor adhesion
between the fibre and matrix while in the case of modified matrix, the fractured surface
shows evidence for fibre breakage rather than pullout, and the fibre surface is fuly
covered with matrix indicating better interfacial adhesion.
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Figure 5a.13: SEM picture of the fracture surface of PP hybrid nanocomposite
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Figure 5a.14: SEM picture of the fracture surface of MA-g-PP hybrid nanocomposite

5a.3.3.3 Flexural properties

The flexural properties of the glass fibre/PP composites are compared with MA-g-
PP hybrid composites in figure 5a.15. There is improvement in the flexural strength and
modulus with modification at all investigated compositions. The maximum improvement
occurs at lower fibre content. This is probably due to decrease in fibre/matrix interaction

at higher fibre loadings by the crowding of fibres as discussed earlier.
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Figure 5a.15: Variation of flexural strength and modulus with fibre loading and
silica content
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5a.3.3.4 Impact strength

The impact strength of the glass fibre/PP composites are compared with MA-g-PP
hybrid composites in figure 5a.16.
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Figure 5a.16: Variation of impact strength with fibre loading and silica content

5a.3.4 Dynamic mechanical analysis

The damping mechanism in composite is mainly resuits from the viscoelastic nature
of matrix and filler, the thermo elastic damping, the coulomb friction damping due to slip
between the unbonded, debonded and bonded regions of filler-matrix interface and the
energy dissipation occurring at cracks or delaminations.'?

Figure 5a.17 illustrates the variation of storage modulus (E’) with 1wt.% silica and
modified silica on PP/10wt.% glass fibre as a function of temperature. It is found that the
storage modulus of the PP fibre composite is increased with nanosilica and modified
nanosilica and it is more pronounced at low temperatures. This increase in E' of the
composites at different filler loading may be due to higher interfacial adhesion and bond
strength between matrix resin and filler as reported by several authors.!4's The E' values
are higher at modified silica loading at all temperatures. This may be caused by the better
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bonding of nanofiller with fibre and matrix by the help of hydroxyl groups and organic
groups present on the surface of nanofiller.

The decrease in modulus at high temperatures is associated with the chain mobility
of the matrix and the thermal expansion occurring in the matrix resulting in reduced
intermolecular forces. 6.7
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Figure 5a.17: Variation of storage modulus of PP-glass fibre-sitica hybrid composites
with temperature

Figure 5a.18 illustrates the variation of E' with 1wt.% silica and modified silica on
MA-g-PP/10wt.% glass fibre as a function of temperature. Here also it is found that the
storage modulus of the composites increased with of nanosilica/modified nanosilica.
When compared to nanosilica composite, the composite containing modified nanosilica
showed less E' values at lower temperatures and high E' values at higher temperatures.
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Figure 5a.18: Variation of storage modulus of MA-g-PP-glass fibre-silica hybrid
composites with temperature

Table 5a.1 shows the storage modulus and relative (normalized) storage
modulus (E'c/E'n where E'c and E' are the storage moduli of composite and matrix
respectively) values of nano-micro hybrid composites at temperatures 40, 75 and
120 °C.

Table 5a.1: Variation of storage modulus and normalized storage modulus of PP-glass short fibre
composites with nanosilica/modified nanosilica at 40, 80 and 120 °C

Storage modulus (MPa) | Normalized storage modulus

Sample
400C | 80°C 120°C | 40°C 80°C | 120°C
PP 957.5 474 90.25 1 1 1
PP/GF 1319 | 6049 169.2 1.38 1.28 1.87
PP/GF/S 1399 | 5883 160.7 1.46 1.24 1.78
PP/GF/MS 1558 | 8411 376.1 1.63 1.77 417

MA-g-PP/GF 1609 | 8957 371.8 1.68 1.89 412
MA-g-PP/GF/S 2021 1098 481.2 21 2.32 5.33
MA-g-PP/GF/MS 1877 | 8235 298.3 1.96 1.74 3N
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The storage modulus and normalized storage modulus of the composites increased
with the presence of silica/modified nanosilica at all temperatures, but MA-g-PP hybrid
composites containing modified silica showed higher modulus only at higher temperature.
The normalized modulus values at 40 °C and 80 °C do not show considerable variation,
but at 120 °C high normalized modulus values are obtained by maleic anhydride grafting,
compared to the pristine polymer.

The variation of tan & values of PP-Glass fibre and MA-g-PP-Glass fibre composites
with nanofiller as a function of temperature is shown in figure 5a.19 and 5a.20
respectively. Incorporation of stiff fibres and nanofiller reduces the tan & values of the
composite by restricting the movement of polymer molecules and also due to the
reduction in the viscoelastic lag between the stress and strain.'8'? The tan & values were
lowered in the composites compared to pure polymer may also because of the less
matrix by volume to dissipate the vibrational energy. The figures indicate that the
relatively high viscoelastic damping character {tan & value) of the pure polymer becomes
lowered on reinforcement with nano-micro hybrid. The height of tan & curves of the
composites is significantly lowered with maleic anhydride grafting. The lowering of the
tand peak height is a measure of enhanced interfacial bond strength and adhesion
between matrix and filler.
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Figure 5a.19: Temperature dependence of tan & values of PP hybrid nanocomposites
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Figure 5a.20: Temperature dependence of tan & values of MA-g-PP hybrid
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5a.3.5 Crystallization characteristics

The changes in the crystallinity of the PP and PP hybrid composite
samples were studied by differential scanning calorimetry. The DSC provides the
information about the crystallinity aspects that has occurred in the polymer as a result of
thermo mechanical processing. These curves provide the various parameters in
crystallization such as peak crystallization temperature (T}, degree of crystallinity (Xc),
crystaliization enthalpy (AH) etc.

5a.3.5.1 Non-isothermal Crystallization

Non-isothermal crystallization experiments were done to study the effect of hybrid
fillers on crystallization characteristics of melt compounded PP. The crystallization
temperatures (Tc), the apparent melting temperatures (T} and the corresponding
enthalpies (AH. and AH) for all the samples are reported in table 5a.2.
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Table 5a.2: DSC-determined thermal characteristics of PP composites

Te AH, Tm AHn
(°C) | (Yg) | (°C) | (°C)

Sample

PP 110.7 | 104.6 | 165.73 | 102.7

PP/GF 113.48 | 71.03 | 162.02 | 70.85
MAPP/GF | 124.09 | 85.83 | 162.2 | 83.19
PP/GF/S 12415 | 8533 | 166.3 | 80

PP/GFIMS | 124.49 | 87.69 | 163.43 | 791

MAPP/GF/S | 124.28 | 80.65 | 163.28 | 77.14

MAPP/GF/MS | 126.11 | 89.56 | 161.45 | 86.92

Figure 5a.21 shows the DSC cooling scans of PP and its nano-micro hybrid
composite samples. During cooling from the melt the hybrid composites showed
crystallization exotherms earlier than pristine PP or PP/Glass fibre composite as also
seen from the corresponding T. values indicated in table 5a.2. It is found that the hybrid
composite with 1wt% silica crystallizes about 14 OC earier than pristine PP where as
PP/Glass fibre composite crystallizes only about 4 °C earlier than pure PP. This indicates
that filler (nanosilica) together with micro filler (Glass fibre) can act as effective nucleating
agent for PP crystallization.

The T, values continue to increase with modified silica and matrix medification
even though the silica concentration is constant. This tendency shows that the nucleation
effect will increase with surface area, good dispersion and effective interaction of the filler
in the matrix. The agglomerating tendency of the nanosilica decreased by the presence of
vinyl group on the surface and may provide higher surface area and good dispersability in
the matrix. The matrix modification further increases the interaction between filler and
matrix so as to increase the crystallization. That is why the presence of modified silica in
modified matrix causes a rise of 16 °C in the crystallization temperature than pristine PP.
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Figure 5a.21: DSC cooling scans (10 °C/min from 180 °C melt} PP composites

The crystallization temperature and the degree of supercooling (AT = T-Tc) is @
measure of the crystallizability; i.e. smaller the AT, higher the crystaliizability. The AT
values of the PP and PP hybrid composites are given in table 5a.3 are smaller by ~ 7 to
20 °C than that of pure PP. This reveals that the crystallizability of the hybrid composites
is higher than that of pure PP.

Table 5a.3: AT values of PP and hybrid nanocomposites

Sample AT (°C) | % of crystallization
PP 55.03 39.63
PPIGF 48.54 38.23
MAPP/GF 38.11 40.19
PP/GF/S 41.81 40.65
PP/GFIMS 38.94 41.21
MAPP/GF/S 39 41.27
MAPP/GF/MS 35.34 42.99
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5a.3.5.2 Isothermal crystallization

Figure 5a.23 shows the typical isothermal crystallization curves of PP, PP/glass
fibre and PP hybrid composite samples at five temperatures (110, 115, 120, 125 and 130
0C). The time corresponding to the maximum in the heat flow rate (exotherm) is taken as
peak time of crystallization {tpea). Such peaks are seen at each of the five isothermal
crystallization temperatures for hybrid composites with earlier or faster crystallization
(smaller tyeu) leads to lower temperature of isothermal crystallization as compared to
pure PP. In the case of pure PP no peak is seen at highest temperature of 130 °C
because crystallization is very slow and would require longer time than 4 minutes
employed in DSC program. On the other hand for the hybrid composites the rate of
crystallization is so fast near the lowest temperatures that most of the crystallization
occurs during the cooling scan {60 °C/min) employed to reach the temperatures (110 or
115 OC). This results in absence of exothermic peak in the heat flow curves at those
temperatures.

The peak time of crystallization at different temperatures for all PP hybrid
nanocomposite samples is plotted against the isothermal crystallization temperature
(Figure 5a.22). It is noticeable that the thea values for the hybrid composite samples is
reduced to less than 50% as compared to pure PP due to the presence of nano and
micro fillers. With modified silica and matrix grafting there is further increase in the
crystallization rate (as indicated by the decrease in toeax).

o .

eLan
—A— MAPE GE
—¥— PP GFS
—— PP GFMN
| —e—MappoFs
| —»— MAPP GF M5

Peak crystallization time (min)
- ~N N
w o o«
o _u
\\

Temperature ( "¢y
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5a.3.6 Thermogravimetric analysis

Thermal stability of the materials can be improved by inorganic nanofillers.2
Morphology also affect the thermal stability of the composites.?! The inorganic fillers
industrially used to improve the mechanical properties of polymer materials have different
effects on the thermal stability of PP. The decomposition temperature of PP was found to
be increased with nanosilica, clay, CaCOj; etc 2223.24

The TG curves of PP and its composites are shown in figures 5a.24 and 5a.25.
The temperature of onset of degradation (Tonset), temperature at which maximum
degradation occurs (Tmax) and the residue obtained at 600 °C are given in table 5a.4. In
the case of PP degradation is observed in a single step. Up to 387 °C the sample is
stable and thereafter sharp weight loss occurs. Degradation is completed at 464 °C and
during this stage the weight loss observed is 98.74%. The hybrid composite samples also
show single stage of degradation. The presence of hybrid filler increased the thermal
stability of the PP and the degradation temperature rises >50 ©C. This improvement in
thermal stability of the hybrid composites may result from the better interaction or good
dispersion of fillers in the matrix.
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Figure 5a.24: Thermogravimetric traces of PP and PP hybrid composites
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Table 5a.4: Degradation characteristics of PP and hybrid composites

Sample Onset temp Peak max Residue at
(°C) 600 °C

PP 387 436 0.6

PPIGF/S 453 476 12.2

PP/GFIMS 457 480 12
MAPP/GF 453 477 10

MAPP/GF/S 453 479 123
MAPP/GF/MS 458 480 12

The maleic anhydride grafted composite samples show the improved stability
(Figure 5a,25 ).
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Figure 5a.25: Thermogravimetric traces of PP and MA-g-PP hybrid composites



Chapter 5a

5a.4 CONCLUSIONS

The study shows that PP-glass fibre-silica hybrid nanocomposites can be fruitfully
prepared by melt-mixing method and that

¢ Addition of 1wt.% modified nanosilica with PP-10wt.% glass composite shows
all round performance.

e Storage modulus (E') is high for PP/G/MS composites at all temperatures. But
maleic anhydride grafted hybrid compaosite shows good modulus with
unmadified nanosilica.

e Tan 0 decreases with the addition of nanofiller.

o The crystallization temperature of PP enhances with the presence of modified
nanosilica.

e Thermogravimetric studies show that the thermal stability of composites is
slightly enhanced by the addition of nanosilica/modified nanosilica with glass
fibre.

¢ The modification of PP with nanosilica and micro glass fibre hybrid fillers is
effective.
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Part-b

Polypropylene-nylon fibre-silica hybrid nanocomposites

5b.1 INTRODUCTION

The need for attaining the right material for the innumerable engineering
applications, cost-effective materials being continually developing and expanding. As the
technology becomes more and more sophisticated the materials used also have to be
much more efficient and reliable. Materials should be light in weight and should possess
good strength and modulus. The use of composites has been growing steadily due to
their attractive properties like durability, easy mouldability, light weight, noncorrosiveness,
adequate strength, stiffness and load bearing qualities.

Polypropylene is a very versatile polymer. The properties of polypropylene can be
modified by many ways to suit a wide variety of end-use applications.! Various fillers and
reinforcements, such as glass fibre, mica, talc and calcium carbonate are typical
ingredients that are added to polypropylene resin to attain cost-effective composite
mechanical properties.2 Thomas et al. studied about PP/short nylon fibre composites and
found that the mechanical property and viscosity improved with fibre loading.34 Elevated
viscosity and loss of matrix elasticity are characteristic of highly filled composites.567
Inhomogeneous filler distribution within the matrix®9.1 and anisotropy in properties have
been reported for composites filled with elongated fillers.!* Inhomogeneous structures,
e.g., skincore morphology, are commonly imposed by melt flow patterns developing
during processing.'2'3 In most cases these effects are undesirable, representing
difficulties and limitations for industrial manufacturing.

Composites containing single filler are commonly used and investigated. However,
the behavior of filler particles in systems containing two distinct fillers is rarely reported.
The properties of hybrid composites of PP with carbon fibre & carbon black are studied
by Drubetski et al.'* In the few reported works, filler depletion in moulding's skin layers
and detection of uncommon fibre orientation are described.'s'617 Nylon is one of the most
important industrial fibres due to its high performance, low cost and recyclability.
Presently, the research on nanosilica based products is mainly focused on improving the
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mechanical and optical properties of polyolefins. But the agglomeration of nanoparticles
during composite formation is a big problem. If we prepare composite with fibrous filler
along with nano filler there is a chance of good dispersion of nanoparticles with the aid of
fibrous micro filler and thus to improve the properties.

The present study addresses the mechanical and thermal properties of
polypropylene based composites containing both nanosilica(S)/modified silica(MS)
particles and nylon fibres (NF).

5b.2 EXPERIMENTAL

Short nylon fibre reinforced polypropylene composites were prepared in a Torque
Rheometer (Thermo Haake Rheocord 600). The matrix was modified with maleic
anhydride according to US patent, 4,753,997. Dumbbell and rectangular shaped samples
were prepared by injection moulding in a semiautomatic laboratory injection moulding
machine. The tensile properties of the samples were determined using dumbbell shaped
samples on a universal testing machine {Shimadzu) at a crosshead speed of 50 mm/min
according to ASTM-D-638. Flexural properties of the composites were measured by
three-point loading system using the universal testing machine according to ASTM
standards.

The modification of PP-nylon fibre composite with nanosilica/modified nanosilica
was also done in the Torque Rheometer. 1 and 2wt.% of silica/modified silica were added
to PP-nylon fibre composite to get the nano-micro hybrid composite. A mixing time of 8
minutes was used at a rotor speed of 50 rpm. In all cases the torque stabilized to a
constant torque in this time,

5b.3 RESULTS AND DISCUSSION
5b.3.1 Polypropylene-nylon fibre composite
5b.3.1.1 Torque studies

The variation of mixing torque with time of mixing at different fibre loading is shown
in figure 5b.1. A mixing time of 8 minutes was fixed since the torque stabilized to a
constant value during this time in all cases. The initial and final torque values are found to
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increase with increase in fibre loading. This shows that nylon fibre remains in fibre form
and behaves as fibrous filler under the given conditions.

Initially torque increases with the PP loading, but decreases with melting. After
homogenization of PP, nylon fibres were added. Then the torque rises again and levels
off in about 5 min. It is clear from the figure that there is no degradation in the mixing
stage.
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Figure 5b.1: Torque - Time curves of PP composites

5b.3.1.2 Tensile properties
a) Effect of fibre length

To study the effect of fibre length on tensile strength of the present system, 10%
nylon fibre filled polypropylene composites were prepared with different average fibre
length of 5, 10, 15 and 20 mm. When the fibres are of finite length, stress is assumed to
be transferred from the matrix to the fibre by a shear transfer mechanism. For a given
fibre, there is minimum fibre length required to build up the shear stress between fibre
and resin to the value of tensile fracture stress of the fibre. More than or equal to this
length, the maximum value of the load transfer from the matrix to the fibre can occur. If
the fibre length is less than this length, the matrix cannot effectively grip the fibre to take
the strain and the fibres will slip and be pulled out, instead of being broken under tension.
The composite will then exhibit lower mechanical performance. This shortest fibre length
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(pull-out length) is called the critical fibre length. This fibre length is an important property
and affects ultimately the strength and elastic modulus of composites.

The maximum tensile strength of the composites (Figure 5b.2) is at 10 mm length
of the fibre. Hence 10 mm length was taken as optimum fibre length for further studies.

Tensile strength (MPa}

T T
0 5 10 15 20
Fibre length (mm}

Figure 5b.2: Variation of tensite strength with fibre length
b) Effect of fibre loading

Figure 5b.3 shows the effect of the variation of tensile strength and tensile
modulus of PP/ nylon fibre composite with fibre loading. The tensile strength increases
with fibre loading up to 30% but decreases thereafter. The decrease in strength at higher

fibre loading is probably due to crowding of fibres, which prevents efficient matrix-fibre
stress transfer.
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Figure 5b.3: Variation of tensile strength and modulus with fibre loading
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5b.3.1.3 Flexural properties
a) Effect of fibre length

The effect of fibre length on the flexural strength is given in figure 5b.4. Flexural
strength increases with increase in fibre length up to 10 mm and thereafter decreases as
in the case of the tensile strength. These observations point to a optimum fibre length of
about 10 mm both in the case of tensile and flexural loads.
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Figure 5b.4: Variation of flexurat strength with fibre length

b) Effect of fibre loading

Figure 5b.5 shows the effect of fibre loading on the flexural strength and flexural
modulus of PP/nylon fibre composites. From the figures it is clear that both flexural

strength and modulus increases with fibre content. The maximum modulus is observed at
30% fibre loading.
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Figure 5b.5: Variation of flexural strength and modufus with fibre loading

The loading in flexure is an ideal case which causes normal stress in the direction
of fibres and shear stress in the plane perpendicular to the loading nose. The mode of
failure of unidirectional composites in flexure is very complex. Unidirectional composites,
when stressed in flexure can fail in tension either longitudionally or transversely, or in
shear at the matrix, matrix/fibre interface or fibre. The most common modes of failure are
transverse splitting, brittle tensile failure fibre pullout, interfacial shear failure,
compressive failure due to micro bucking or localized kinking of fibres and intra-laminar
shear failure. When the span/thickness I/d ratio is less than 25, the failure occurs by fibre
buckling localized in very narrow bands (kink bands). When loaded, either in flexure or in
compression, some relief of local stresses accompanies the micro processes as the crack
propagates from compressive side to the neutral plane. Further deflection of the beam
causes a tensile failure of fibres on the tensile side of the beam, which leads to
catastrophic failure of the specimen. In some cases, some amounts of inter laminar shear
failure initiated from the kink bands, are observed on the compressive side. Constraints
imposed on the beam by contact with load pin may also inhibit the initiation of buckling in
flexural testing.
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5b.3.2 Modification of PP-nylon fibre composite with
nanosilica/modified nanosilica

To study the effect of nanosilica/modified nanosilica on the tensile strength of the
nylon fibre-PP composite, PP-nylon fibre with 1 and 2wt.% of nano fillers were prepared.
When the nano filler disperse well with the aid of fibres, the stress will be transferred
effectively from the matrix to the nano filler and fibre by a shear transfer mechanism.
From figure 5b.3 it is observed that good mechanical properties of the composites are
associated with 10 mm length of the fibre. Hence 10 mm length was taken as optimum
fibre length for further studies. The reinforcement of PP/nylon fibre composites with
1wt.% nanosilica and modified nanosilica show better performance. Hence the properties
of 1wt.% nanosilica/modified nanosilica reinforced composites are discussed in detail.

5b.3.2.1 Torque studies

The variation of mixing torque with time of mixing at different filler loading is shown
in figure 5b.6. A mixing time of 8 minutes was fixed since the torque stabilized to a
constant value during this time.
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Figure 5b.6: Torque — Time curves of PP composites
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5b.3.2.2 Tensile properties

Figure 5b.7 shows the effect of variation of tensile strength and tensile modulus of
PP/nylon fibre composites with fibre and nanosilica/modified nanosilica loading. The
tensile strength increases with fibre loading up to 20% and thereafter levels off. The
decrease in strength at higher loading is probably due to crowding of nanofiller and also
due to the crowding of fibres, which prevents efficient stress transfer from the matrix.
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Figure 5b.7: Variation of tensile strength and modulus with fibre loading and silica

5b.3.2.3 Flexural properties

content

Figure 5b.8 shows the effect of nanofiller loading on the flexural strength and
flexural modulus of PP/nylon fibre composites. From the figures it is clear that both
flexural strength and modulus increases with fibre as well as nanosilica content. The
modulus change at 10% fibre loading with nano filler is more significant.
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Figure 5b.8: Variation of flexural strength and modulus fibre loading and sifica content

5b.3.2.4 Impact strength

Figure 5b.9 shows the effect of nanofiller loading on the impact strength of PP
hybrid composites. From the figure it is found that the impact strength increases with
nanosilica content only at 10% fibre loading.
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5b.3.3 Effect of matrix modification on nano-micro hybrid
composites

5b.3.3.1 Torque studies

The variation of mixing torque with time of mixing at different filler loading is shown
in figure 5b.10. A mixing time of 8 minutes was fixed since the torque stabilized to a
constant value during this time. The temperature of the mixing chamber was also fixed as
180 ©C. The nano filler additions and MA grafting affect the initial and final torque values.
This shows MA grafting has some effect during the formation of the composite.
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Figure 5b.10: Torque - Time curves of MA-g-PP composites

5b.3.3.2 Tensile properties

Figure 5b.11 shows the effect of chemical treatment on the tensile properties of
hybrid composite.'® From the figures it is clear that the matrix modification improves the
tensile strength of the composites due to the strong interaction between the polar group
in nylon fibre/nanosilica and the grafted functional group in the polymer backbone. The
improvement in the tensile modulus at 10% fibre content and 1% nanofiler is particularly
significant which shows that the matrix has become stronger by the modification, even
though this is not pronounced at higher fibre loading due to fibre crowding.
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Figure 5b.11: Variation of tensile strength and modulus with fibre loading and
silica content

The improvement of adhesion between the filler and MA treated matrix can be
seen from the scanning electron micrographs (SEM) of the fractured surface of PP/nylon
fibre/silica hybrid nanocomposite and that of MA-g-PP/nylon fibre/modified silica hybrid
nanocomposites (Figures 5a.12 and 5a.13). The fractured surface of unmodified matrix
shows holes and the fibre surface retain low amount of matrix indicating poor adhesion
between the fibre and matrix while in the case of modified matrix, the fractured surface
shows evidence for fibre breakage rather than pullout, and the fibre surface fully covered

Figure 5b.12: SEM picture of the fracture surface of PP hybrid nanocomposite
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Figure 5b.13: SEM picture of the fracture surface of MA-g-PP hybrid nanocomposite

5b.3.3.3 Flexural properties

The flexural properties of the PP/nylon fibre composites are compared with MA-g-

PP hybrid composites in figure 5b.14. The hybrid composites show a significant
improvement in flexural strength and modulus by the modification.
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Figure 5b.14: Variation of flexural strength and modulus with fibre loading and silica
content

5b.3.3.4 Impact strength
The impact strength of the PP/nylon fibre composite is compared with MA-g-PP

hybrid composites in figure 5b.15. There is a significant improvement in flexural strength
and modulus by modification of all the fibre compositions investigated. The maximum
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improvement occurs at lower fibre content. This is probably due to decrease in

fibre/matrix interaction at higher fibre loadings by the crowding of fibres as discussed
earlier.
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Figure 5b.15: Variation of impact strength with fibre loading and silica content

5b.3.4 Dynamic mechanical analysis

Figure 5b.16 illustrates the variation of storage modulus (E') with the addition of
1wt.% silica and modified silica on PP/10wt.% nylon fibre as a function of temperature. It
is found that the storage modulus of the composites increased with the presence of
nanosilica and modified nanosilica and it is more pronounced at low temperatures. This
increase in E' of the composites at higher fibre loading is due to greater interfacial
adhesion and bond strength between matrix resin and filler as reported by several
authors.’®2 The E' values are higher at modified silica loading at all temperatures. This
may be caused by the better bonding of nano filler with fibre and matrix by the help of
organic group present on the surface of nanofiller.
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Figure 5b.16: Variation of storage modulus of PP/nylon fibre-silica hybrid composites
with temperature

Figure 5b.17 illustrates the variation E' with 1wt.% silica and modified silica on MA-
g-PP/10wt.% nylon fibre as a function of temperature. Here also it is found that the
storage modulus of the composites increased with the presence of nanosilica/modified.
When compared with nanosilica filled composite, the composite containing modified
nanosilica showed low E' values at lower temperatures but high E' values at higher
temperatures. The decrease in modulus at higher temperature is associated with the

chain mobility of the matrix?' and the thermal expansion occurring in the matrix resulting
in reduced intermolecular forces.?
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composites with temperature
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Table 5b.1 shows the storage modulus and relative (normalized) storage
modulus (E'./E'» where E'c and E'n, are the storage moduli of composite and matrix
respectively) values of nano-micro hybrid composites at temperatures 40, 80 and
120 °C.

Table 5b.1. Variation of storage modulus and normalized storage modulfus of PP/nylon
short fibre composites with nanosilica/modified nanosilica at 40, 80 and 120 °C

Storage modulus (MPa) Normalized storage modulus
400C | 80°C | 120°C 40°C 800C | 1200C
PP 9575 | 474 90.25 1 1 1

PP/NF 1077 | 4238 103.9 1.12 0.89 1.15
PPINF/S 1355 | 536.8 119.4 1.42 1.13 1.32
PP/NF/IMS | 1399 ! 588.3 160.7 1.46 124 1.78
MAPP/NF | 1157 | 5155 169.2 1.21 1.09 1.87
MAPP/NF/S | 1547 | 8217 | 363.4 1.62 1.73 4.03
MAPP/NF/MS | 1414 | 8133 | 394.9 1.48 1.72 4.38

Sample

The storage modulus and the normalized storage modulus of the composites
increased with the presence of silica/modified nanosilica at all temperatures, but MA-g-
PP composite containing modified silica showed higher modulus only at higher
temperature. The normalized modulus values at 40 °C and 80 °C do not show
considerable variation, but at 120 °C high normalized modulus values are obtained by
maleic anhydride grafting, compared to the pure polymer.

The variation of tan & of PP/nylon fibre and MA-g-PP/nylon fibre composites with
nano filler loading, as a function of temperatures is shown in figure 5b.18 and 5b.19
respectively. Incorporation of stiff fibres and nanofiller reduces the tan & peak of the
composite by restricting the movement of polymer molecules, and also due to the
reduction in the viscoelastic lag between the stress and the strain.?2 The tan § values
were lowered in the composites compared to the pure polymer may also because of the
less matrix by volume to dissipate the vibrational energy. The figures indicate that the
relatively high viscoelastic damping character (tan & value) for the pure polymer becomes
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lowered on reinforcement with nano-micro hybrid. The height of tan & peaks of the
composites is significantly lowered with maleic anhydride grafting as expected. The
lowering of the tan & peak height is a measure of enhanced interfacial bond strength and

adhesion between the fillers and the matrix.
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5b.3.5 Crystallization characteristics

The presence of fillers usually affects the crystallization behaviour of a polymer.
The crystallization may have a major influence on the structure of composites and
thereby on the mechanical properties. Hence it is very important to study the
crystallization kinetics of composites which determines the final properties of a polymeric
product. Differential Scanning Calorimetry (DSC) is the widely accepted technique to
study the crystallization and thermal behaviour of polymer.

5b.3.5.1 Non-isothermal Crystallization

The effect of nano-micro hybrid on the crystallization characteristics of melt
compounded PP nanocomposite samples was analyzed first with non-isothermal DSC
experiments. The crystallization temperatures (T¢), the apparent melting temperatures
(Tm) and the corresponding enthalpies (AH. and AHy) for all the samples are reported in
table 5b.2.

Table 5b.2: Thermal characteristics of PP, PP/short fibre composite and nano-micro

hybrid composites
Sample Te AH, Tm | OHnm
(°C} | Wig) | (°C) | (Jig)
PP 110.7 | 104.6 | 165.73 | 102.7

PP/NF 1112 | 8226 | 162.13 | 83.98
MAPP/NF 121.3 | 86.71 | 163.25 | 83.28
PPINF/S 111.7 | 8248 | 163.92 | 86.6

PP/NFIMS | 112,66 | 83.33 | 162.72 | 80.03
MAPP/NF/S | 125 |89.88 | 163.34 | 84.05
MAPP/NF/MS | 126.49 | 88.2 | 160.94 | 83.56

Figure 5b.20 shows the DSC cooling scans of PP and Nylon fibre/silica/modified
silica composite samples with PP and MA-g-PP. During cooling from the melt, the hybrid
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composite samples show crystallization exotherms earlier than pure PP, as also seen
from the corresponding T, values indicated in table 5b.2.

The T. values show small increment with silica and modified silica addition in
PP/nylon fibre composites. But the MA grafting show a noticeable increment for the T,
value. it is found that the hybrid sample prepared with MA grafted PP crystallizes about
15 OC earlier than pure PP. This indicates that grafting increases the interaction of matrix
with filler and thus the hybrid filler can act as nucleating agent for PP crystallization.
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Figure 5b.20: DSC coofing scans (10 °C/min from 180 °C melt) of PP and
PP composites

Smaller the degree of supercooling (AT = Tw-To), higher will be the crystallizability.
The AT values of the PP/nylon fibre or PP hybrid composites given in table 5b.3 are
smaller by ~ 4 to 14 °C than that of pure PP. This reveals that the crystallizability of the
nanocomposites is greater than that of pure PP.
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Table 5b.3: AT values of PP and PP composites

Sample AT | % of crystallization
(°C)

PP 51.32 39.63
PP/NF 50.93 4481
MAPP/NF | 41.95 40.56
PP/NF/S | 52.22 41.84
PP/NF/IMS | 50.06 38.66
MAPPINF/S | 38.34 40.6
MAPP/NF/MS | 34.45 40.37

5b.3.5.2 Isothermal crystallization

Figure 5b.21 shows the typical isothermal crystallization curves of pure PP and PP
composites at five temperatures (110, 115, 120, 125 and 130 °C). The time
corresponding to the maximum in the heat flow rate (exotherm) is taken as peak time of
crystallization (teas). For the case of pure PP, no peak is seen at the highest temperature
of 130 °C because crystallization is very slow and would require longer time than the 4
minutes employed in the DSC program. On the other hand, for the nanocomposite
samples with 1wt% silica, the rate of crystallization is so fast near the lowest
temperatures that most of the crystallization occurs already during the cooling scan
(60°C/min) employed to reach the temperatures (110 or 115 °C). This results in absence
of exothermic peaks in the heat flow curves at those temperatures.
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Figure 5b.21: Heat flow during isothermal crystallization of PP composites

The peak times of crystallization at each of the temperatures for all the PP-silica
nanocomposite samples are plotted against the isothermal crystallization temperature
(Figure 5b.22). It is noticeable that the s values of the composite samples reduced to
less than 40% as compared to pure PP due to the presence nano-micro filler. With the
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modified silica and matrix grafting there is increase in the crystallization rate (as indicated
by the decrease in tea), demonstrating the role of modification on the surface of sifica
and polymer backbone for enhancing the matrix-filler interaction and thus enhancing the
rate of crystaliization.
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Figure 5b.22: Effect of hybrid filler and matrix grafting on the peak crystallization
time of the composites at different isothermal crystallization temperatures

5a.3.6 Thermogravimetric analysis

The thermal degradation pattern of PP, PP composites and grafted PP composites
in nitrogen atmosphere are shown at a programmed temperature range of 50-600 °C are
shown in figures 5b.23 and 5b.24. The temperature of onset of degradation (Ti),
temperature at which maximum degradation occurs (Tma) and the residue obtained at
600 °C are given in table 5b.4.
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Figure 5b.23: Thermogravimetric traces of PP and PP hybrid composite

In the case of PP, degradation is observed in a single step. Up to 387 OC the
sample is stable and thereafter sharp weight loss occurs. Degradation is completed at
480 °C and during this stage the weight loss observed is 99%. For nylon fibre the
degradation take place between 400 to 500 °C in a single stage. Both the matrix and
fibre follows single step degradation and also having comparable Tmax. Hence the hybrid
composite samples also show similar degradation pattern. The presence of nano-micro
hybrid filler increased the thermal stability of PP from 387 to 457 °C. This improvement in
thermal stability of the composites may result from the better interaction or good
dispersion of fillers in the matrix. Gilman suggested that the improved thermal stability of
polymers in presence of fillers is due to the hindered thermal motion of polymer molecular
chains.?

Table 5b.4: Degradation characteristics of PP and hybrid composites

Sample Onset temp. Peak max Residue at
(°C) 600 °C

PP 387 436 0.6
PP/NF 396.7 4359 0.9
PPINF/S 4276 462.5 29
PPINF/MS 457.4 485.1 14
MAPP/NF 449.2 477.6 1.2
MAPP/NF/S 453.9 480.4 32
MAPP/NF/MS 4519 478.8 26
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MA grafted PP hybrid composite also shows higher thermal stability. This shows
that the presence of inorganic filler improve the thermal stability of the polymer.
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Figure 5b.24: Thermogravimetric traces of PP and MA-g-PP hybrid composite

5b.4 CONCLUSIONS

The study shows that PP-nylon fibre composites can be effectively reinforced with
nanosilica and modified nanosilica by melt-mixing and the conclusions are

The incorporation of nanosilica and modified nanosilica enhance the
mechanical properties of PP-nylon fibre composites

Storage modulus (E’) improved for PP/NF composites with modified silica at

all temperatures. But maleic anhydride grafted composite show high modulus
even with unmodified nanosilica.

The crystallization temperature of PP enhances with the presence of modified

nanosilica

Thermogravimetric studies show that the thermal stability of composites is
slightly enhanced by the addition of nanosilica/ modified nanosilica with nylon

fibre

The modification of PP with nanosilica and nylon fibre hybrid filler is effective
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Chapter 6

Modification of HDPE-short fibre composite
with nanosilica/modified nanosilica

Part—Q

High density polyethylene-glass fibre-silica hybrid
nanocomposites

6a.1 INTRODUCTION

In the plastic industry it is a common practice to compound polymers with fillers
and fibres to reduce cost and attain desired properties. Desirable properties can be
obtained from such composites by the proper combinations of fillers. Fibre-reinforced
thermoplastics have the typical advantages of polymer matrix composites such as high
weight savings, high strength, high stiffness, corrosion resistance, parts integration, and
energy absorption. In addition, they have an indefinite shelf life, are recyclable, and are
feasible for automated, high volume processing with a potential for rapid and low-cost
fabrication. However, usage of thermoplastic is only to a limited extent nowadays for
engineering applications, because of lack of dimensional stability and low heat distortion
temperatures. In automotive industry the most used thermoplastics are glass filled
thermoplastics developed for a variety of applications from intake manifolds to engine
covers, and to a lesser extent for body panels. It has been estimated that significant use
of glass-reinforced polymers as structural components could yield a 20-35% reduction in
vehicle weight.! The 1995 Nissan Sentra served as the first use of thermoplastic
(DuPont's Minlon mineral-reinforced nylon) for valve covers in North America. High
density polyethylene (HDPE) is one of the most widely using thermoplastic for making
composites to suit a wide variety of end use applications. The main attractiveness of
thermoplastic composites is that their ease of processability and recyclability. But for
getting desirable properties higher fibrous or filler materials required, this decrease the
processability of the composite. Newly developed polymer nanocomposites are
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advantageous due to the use of very low amount of fillers.2 The synergetic effect of nano
and fibrous fillers may give superior properties to the composites. Canova et al.3 reported
that exfoliated nano particles could improve the dimensional stability of glass fibre
reinforced polypropylene composites. The use of nanoclay in wood/natural fibre polymer
composites to improve the properties also reported.** So far, little work has been done on
the properties of glass fibre reinforced plastic composites with nanosilica particles in
combination with coupling agents.

Novel classes of polymer nano-micro hybrid composites are proposed to be
developed in this study by reinforcing HDPE with glass fibre and nanosilica. The salient
features of the study are given below.

6a.2 EXPERIMENTAL

The short glass fibre reinforced high density polyethylene composites were
prepared in a Torque Rheometer (Thermo Haake Rheocord 600). The matrix was
modified with maleic anhydride according to US patent, 4,753,997. The modification of
HDPE-glass fibre (PE/GF) composite with silica/modified silica was also done in Torque
Rheometer. 1 and 2wt.% of silica’modified silica were added during the preparation of
HDPE-glass fibre composite to get the nano-micro hybrid composite. The mixing time of 8
minutes was used at a rotor speed of 50 rpm. The tensile properties, flexural properties,
impact strength, dynamic mechanical analysis, thermal properties and crystallization
properties are analyzed according to various standards as described in chapter 2.

6a.3 RESULTS AND DISCUSSION
6a.3.1 High density polyethylene-glass fibre composite
6a.3.1.1 Torque studies

The variation of mixing torque with time of mixing at different fibre loading is shown
in figure 6a.1. It shows that 8 minutes mixing time was sufficient for the proper mixing of
the ingredients. The temperature of the mixing chamber was fixed as 150 °C since the
matrix properly melted and homogenized at this temperature under the shear employed.
The torque-time behaviour of HDPE/glass fibre composite is similar to that of PP/glass
fibre composite as expected. Here also there is no reduction in torque on continued
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mixing up to 8 min. This implies that there is no appreciable degradation taking place
during this time.

—a— HDPEA0% GF
1 - o— HDPE/20% GF

J —s - HOPE/O% GF
20

Torque {(Nm}

Time {min)

Figure 6a.1: Torque - Time curves of HDPE composites
6a.3.1.2 Tensile properties

a) Effect of fibre length

To study the effect of fibre length on tensile strength of the present system 10%
fibre filled composites were prepared with different average fibre length of 2, 4, 6, 8 and
10 mm and the tensile strength of the composites were compared. The variation of tensile
strength of the composites with fibre length is shown in figure 6a.2. Higher strength is
observed for the composites prepared with a fibre length of 6 - 8 mm as in the case of
glass fibre/PP composite. Hence 6 mm length was select for further studies
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Figure 6a.2 Yariation of tensife strength with fibre length
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b) Effect of fibre loading

Figure 6a.3 shows the effect of variation of tensile strength and tensile modulus of
HDPE/glass fibre composites with fibre loading. In this case the tensile strength increases

with fibre loading up to 30% and decreases thereafter.
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Figure 6a.3 Variation of tensife strength and modulus with fibre loading

6a.3.1.3 Flexural properties

a) Effect of fibre length

The effect of fibre length on the flexural strength is given in figure 6a.4. Flexural
strength increases with increase in fibre length up to 6 mm. higher flexural strength is
observed for the composites with fibre length 6-8 mm and then decreases. This result is

in uniformity with the result obtained for PP/glass fibre composites.
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Figure 6a.4: Variation of flexural strength with fibre length
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b) Effect of fibre loading

The effect of fibre loading on the flexural strength and flexural modulus of
HDPE/glass fibre composites is shown in figures 6a.5. From the figures it is clear that
both flexural strength and modulus increases with fibre content. The maximum modulus
is observed at 30% fibre loading.
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Figure 6a.5: Variation of flexural strength and modulus with fibre loading

6a.3.2 Modification of HDPE-glass fibre composite with
silica/modified silica

6a.3.2.1 Torque studies

Figure 6a.6 shows the variation of torque with time of mixing of different filler
loading. The temperature of the mixing chamber was kept at 150 °C. The torque values
turn into steady during the 8 minutes of mixing time. The nano fillers added along with the
matrix initially.
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Figure 6a.6: Torque - Time curves of HDPE composites
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From section 4b we conclude that the presence of 2wt.% nanosilica and
medified nanosilica gives better performance for HDPE nano composites. Hence the
properties of the 2wt.% nanosilica/ modified nanosilica reinforced composites are
discussed in detail in this chapter. When the nano filler disperse well with the aid of fibres
the stress will be transferred effectively from the matrix to the nano filler and fibre by a
shear transfer mechanism. The maximum tensile strength of the composites (Figure 6a.2)
is at 10 mm length of the fibre. Hence 10 mm length was taken as optimum fibre length
for the hybrid composite fabrication.

6a.3.2.2 Tensile properties

Figure 6a.7 shows the effect of variation of tensile strength and tensile modulus of
HDPE/glass fibre compoasites with fibre and silica/modified silica loading. The tensile
strength increases with fibre loading up to 20% and decreases thereafter.
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Figure 6a.7: Variation of tensile strength and modulus with fibre loading and silica content

6a.3.2.3 Flexural properties

Figures 6a.8 show the effect of nanofiller loading on the flexural strength and
flexural modulus of HDPE/glass fibre composites. From the figures it is clear that both
flexural strength and modulus increases with fibre as well as nanosilica content. The
modulus is found to be higher at 30% fibre loading along with nano filler. The increase of
modulus by the addition of nanosilica and modified nanosilica with 10 wt.% fibre loading
is more prominent when compared to other combinations.
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Figure 6a.8: Variation of flexural strength and flexural modulus with fibre loading and
silica content

6a.3.2.4 Impact strength

The effect of nanofiller loading on the impact strength of the glass fibre-HDPE
composites are shown in figure 6a.9. The impact strength of HDPE/glass fibre
composites improved by the presence of silica or modified silica. Significant improvement
was observed for 10% glass fibre loaded hybrid composites and the higher fibre loaded
composites show inferior properties. This is probably due to decrease in fibre-matrix-
nanofiller interactions at higher fibre loadings by the crowding of fibres as discussed
earlier.
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Figure 6a.9: Variation of impact strength with fibre loading and silica content
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6a.3.3 Effect of matrix modification on hybrid
composites of HDPE

The nonpolar HDPE matrix was grafted with polar monomer (maleic anhydride) to
make it polar.872 The polar nature of matrix may increase the interaction of matrix with
polar filler.
6a.3.3.1 Torque studies

A mixing time of 8 minutes was used for making modified hybrid composites since
the torque values stabilized during this time. The variation of mixing torque with time of
mixing at different stages of composite preparation is shown in figure 6a.10. The
temperature of the mixing chamber was fixed as 150 OC as earlier.
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Figure 6a.10: Variation of mixing torque with time

6a.3.3.2 Tensile properties

Figure 6a.11 shows the effect of variation of tensile strength and tensile modulus
of glass fibre/HDPE composites with fibre and silica/modified silica loading. The tensile
strength and modulus increases with fibre loading up to 20% thereafter level off or
decreases. The decrease in strength at higher fibre loading may be due to the
agglomeration of nanofiller by the crowding of fibres as expected. The improvement of
properties is higher for MA grafted HDPE hybrid composites compared to the composites
prepared from unmodified HDPE as in the case of PP/glass fibre composite. The
improvement in the tensile strength and modulus of MA grafted HDPE hybrid composite
at 10% fibre content and 2% modified silica is about 58% and 54% respectively when
compared to neat HDPE.



High density polyethylene-glass fibre-sifica hybrid nanocomposites

s
g

4

T -
424 - v
) T -T 1400 ———}
4y T ’_._——i_ _ o / = -.x\\
™ 1A Fi - T T
3 L/ ; : 3 i !
g" I = 120 i
5 v 3
2 JESE g ¥/ -a— PE/GF
3 " 2 o - @— MAPE/GF
it / -~ —=— PE/GF g’ —&— MAPE/GFIS
(=] —8— MAPEGF *  oon —¥— MAPE/GF/MS
—A— MAPE/GF/S
S v-- MAPE/GFMS w0
24 4 )
7 T T T T T T T o0 T T T T T T T
o L) 0 16 20 . 30 o 5 10 L] 2 3 0
Glass fbra content (Weight %) Glass fibre content (Weight %)

Figure 6a.11: Variation of tensile strength and modulus with fibre loading and silica
content

The improvement of adhesion between the filler and MA treated matrix can be
seen from the scanning electron micrographs (SEM) of the fractured surface of
HDPE/glass fibre/silica hybrid nanocomposite and that of MA-g-HDPE/glass
fibre/modified silica hybrid nanocomposites (Figures 6a.12 and 6a.13). The fractured
surface of unmodified matrix shows holes and the fibre surface retain low amount of
matrix indicating poor adhesion between the fibre and matrix while in the case of modified
matrix, the fractured surface shows evidence for fibre breakage rather than pullout, and
the fibre surface fully covered with matrix indicating better interfacial adhesion.

15kV X200 100pm 0000 2150 SEI

Figure 6a.12: SEM picture of the fracture surface of HDPE hybrid nanocomposite
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20kV X350 50pm 0000 11 36 SEI

Figure 6a.13: SEM picture of the fracture surface of MA-g-HDPE hybrid nanocomposite
6a.3.3.3 Flexural properties

The flexural properties of the MA grafted HDPE hybrid composites are compared
with those of HDPE/fibre composites in figure 6a.14. From the figures it is clear that both
flexural strength and modulus increases with fibre as well as nanosilica content. There is
a significant improvement in the flexural strength and modulus with 10% fibre loading and
level off at higher fibre loading. About 129% improvement in flexural modulus is obtained
for MAPE/GF/MS.
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Figure 6a.14: Variation of flexural strength and modulus with fibre loading and
silica content
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6a.3.3.4 Impact strength

The impact strength of the HDPE/glass fibre composite is compared with MA-g-PE
hybrid composites in figure 6a.15. Maleic anhydride grafting causes a significant
improvement in impact strength at lower fibre content and at same loading (2%) of nano
filers. The polar nature of the matrix may increase the interaction with nano and micro
fillers. At higher fibre loadings, the fibre crowding may limits the interaction of fibre with
matrix and uniform dispersion of nano filler in the matrix, thus cause a decline in impact
strength.

—8— PE/GF

—o— MAPE/GF
—A— MAPE/GF/S
-~ MAPE/GFMS

s 10 15 2 2% %
Glass fibre content (Weight %)

o

Impact strength (kJ/m?)
us::aassrassgsﬁs%s::
——\.—-—-—4—.

Figure 6a. 15: Variation of impact strength with fibre loading and silica content

6a.3.4 Dynamic mechanical analysis

Figure 6a.16 illustrates the variation of storage modulus (E') of HDPE-glass fibre
(10wt.%)- silica hybrid composites as a function of temperature. It is found that the
storage modulus of the composites increased with the presence of nanosilica and
modified nanosilica and it is more pronounced at low temperatures. The modified silica
loading gives higher E' values for the hybrid composite at all temperatures
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Figure 6a.16: Variation of storage modulus of HDPE/glass fibre-silica hybrid composites
with temperature

Figure 6a.17 illustrates the variation of E' by the presence of silica or modified
silica on MA-g-HDPE/10wt.% glass fibre as a function of temperature. Here also it is
found that the storage modulus of the composites increased with the presence of
nanosilica/modified silica. When compared with nanosilica filled composite, the composite
containing modified nanosilica showed low E' values at lower temperatures and similar E'
values at higher temperatures. The decrease in modulus at higher temperature is
associated with the chain mobility of the matrix® and the thermal expansion occurring in
the matrix resulting in reduced intermolecular forces.”
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Figure 6a.17: Variation of storage modulus of MA-g-HDPE-Glass fibre-silica hybrid
composites with temperature
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Table 6a.1 shows the storage modulus and relative (normalized) storage
modulus (E'.JE'» where E': and E'n are the storage moduli of composite and matrix
respectively) values of nano-micro hybrid composites at temperatures 40, 80 and 120 °C.

Table 6a.1: Variation of storage modulus and normalized storage modulus of
HDPE/glass short fibre composites with nanosilica/modified nanosilica at 40, 80 and 120 °C

Storage modulus (MPa) Normalized storage
Sample modulus
40°C | 80°C | 120°C | 40°C | 80°C | 120°C
PE 7812 | 286.3 | 6349 1 1 1
PE/GF 1281 | 4533 | 1193 1.62 1.58 1.88
PE/GF/S 1367 | 4965 | 1109 1.75 1.73 1.75
PE/GF/MS 1590 | 7199 | 20538 2.04 2.51 325
MAPE/GF 1694 | 762.8 | 2493 217 2.66 3.93
MAPE/GF/S 2426 | 1206 | 352.7 31 4.21 5.56
MAPE/GF/MS 2340 | 1113 | 328.8 2.99 3.89 5.18

The storage modulus and the normalized storage modulus of the composites
increased with the presence of silica/modified nanosilica at all temperatures. The
normalized modulus values at 40 °C and 80 °C do not show considerable variation, but
at 120 9C high normalized modulus values are obtained by maleic anhydride grafting,
compared to the pure polymer.

The variation of tan & of HDPE/glass fibre and MA-g-HDPE-Glass fibre composites
with nano filler loading, as a function of temperatures is shown in figure 6a.18 and 6a.19
respectively. Incorporation of stiff fibres and nanofiller reduces the tan & peak of the
composite by restricting the movement of polymer molecules and also due to the
reduction in the viscoelastic lag between the stress and the strain.!’12 The tan & values
were lowered in the composites compared to the pure polymer may also because of the
less matrix by volume to dissipate the vibrational energy. The figures indicate that the
relatively high viscoelastic damping character (tan 8 value) for the pure polymer becomes
lowered on reinforcement with nano-micro hybrid. The height of tan & peaks of the
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composites is also lowered with maleic anhydride grafting. The lowering of the tan 3 peak
height is a measure of enhanced interfacial bond strength and adhesion between the

fillers and the matrix.
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6a.3.5 Crystallization characteristics

The presence of fillers usually affects the crystallization behaviour of a polymer.
Differential Scanning Calorimetry (DSC) is the widely accepted technique to study the
crystallization and thermal behaviour of polymer.

6a.3.5.1 Non-isothermal Crystallization

The effect of glass fibre and glass fibre-nano fhybrid fillers on the crystallization
characteristics of melt compounded HDPE composite samples was analyzed first with
non-isothermal DSC experiments. The crystallization temperatures (T¢), the apparent
melting temperatures (Tn) and the corresponding enthalpies (AH: and AHq) for all the
samples are reported in table 6a.2.

Table 6a.2 Thermal characteristics of nano-micro hybrid composites

Sample Te AH. Tm AHn
(°C) | Wig) | (°C) | (Jg)
PE 115 | 1933 | 131.9 [ 1727
PE/GF 1159 | 186.3 | 1339 171
PE/GF/S 116 | 185.8 | 132.1 | 170.2
PE/GF/MS 118 | 1889 | 1285 | 1715
MAPE/GF/S | 118.3 | 186.8 | 130.5 | 170
MAPE/GF/MS | 117.8 | 187.2 | 1294 | 1704

Figure 6a.20 shows the DSC cooling scans of HDPE and Glass
fibre/silica/modified silica composite samples with HDPE and MA-g-HDPE. During cooling
from the melt, the hybrid composite samples show crystallization exotherms little earlier
than pure HDPE, as seen from the corresponding Tc values indicated in table 6a.2.

The T, values show a small increment with silica and modified silica addition in
HDPE-glass fibre composites. MA grafting does not show a noticeable increment for the
T; value. It is found that the hybrid nanocomposite sample prepared with MA grafted
HDPE crystallizes about 3 °C earlier than pure HDPE. This indicates that grafting
increases the interaction of matrix with filler and thus the hybrid filler can act as
nucleating agent for HDPE crystallization.
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Figure 6a.20: DSC cooling scans (10 °C/min from 180 °C melt) of hybrid composites

Smaller the degree of supercooling (AT = Tw-Te}, higher will be the crystallizability.
The AT values of hybrid nanocomposites given in table 6a.3 are smaller by ~ 0.8 to 7 °C
than that of pure HDPE. This reveals that the crystallizability of the nanocomposites is
little better than that of pure HDPE.

Table 6a.3: AT values of HDPE and HDPE composites

Sample AT
(°C)

PE 16.9
PE/GF 18
PE/GF/S 16.1

PE/GF/MS 10.5
MAPE/GF/S 122
MAPE/GF/MS 11.6

6a.3.5.2 Isothermal crystallization

Figure 6a.21 shows the typical isothermal crystallization curves of pure HDPE and
HDPE composites at five temperatures (110, 115, 120 and 122 ©C). The time
corresponding to the maximum in the heat flow rate {exotherm} is taken as peak time of
crystallization (t,eax). In the case of pure HDPE, no peak is seen at highest temperature of
122 OC because crystallization is very slow and would require longer time than the 4



High density pofyethylene-glass fibre-sifica fiybrid nanocomposites

minutes employed in the DSC program. On the other hand, for the hybrid composite
samples, the rate of crystallization is so fast near the lowest temperatures that most of
the crystallization occurs already during the cooling scan (60 °C/min) employed to reach
the temperatures {110 or 115 9C). This results in absence of exothermic peaks in the
heat flow curves at those temperatures.
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Figure 6a.21: Heat flow during isothermal crystallization of HDPE composites
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The peak time of crystallization at each of the temperatures for all hybrid
nanocomposite samples are plotted against the isothermal crystallization temperature
(Figure 6a.22). It is noticeable that the ...« values of the composite samples reduced to
less than 40% as compared to pure HDPE due to the presence nano-micro hybrid fillers.
With the modified silica and MA grafting there is increase in the crystallization rate (as
indicated by the decrease in tear), demonstrating the role of modification on the surface
of silica and polymer backbone for enhancing the matrix-filler interaction and thus
enhancing the rate of crystallization.
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Figure 6a.22: Effect of hybrid filler and matrix grafting on the peak crystallization
time of the composites at different isothermal crystallization temperature

6a.3.6 Thermogravimetric analysis

The thermal degradation pattern of HDPE and its composites in nitrogen
atmosphere are shown in figures 6a.23 and 6a.24. The temperature of onset of
degradation (Ti), temperature at which maximum degradation occur (Tma) and the
residue obtained at 600 °C are given in table 6a.4.

HDPE shows degradation in a single step. It is stable up to 365 °C thereafter
sharp weight loss occurs till 520 ©C. Glass fibre and silica are thermally stable above
1000 °C. So the hybrid composite samples show single stage degradation pattern. The
presence of nano-micro hybrid filler amplified the thermal stability of HDPE. The Tmex of
HDPE improved from 476 °C to 491 °C for HDPE hybrid composite. This improvement in
thermal stability of the composites may result from the presence of thermally stable
inorganic fillers and their good dispersion in the matrix. Improved thermal stability of
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polymers in presence of fillers is due to the hindered thermal motion of polymer molecular
chains.3
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Figure 6a.23: Thermogravimetric traces of HDPE and HDPE hybrid composite

Table 6a.4: Degradation characteristics of HDPE and hybrid composites

Onset temp. | Peak max | Residue at

Sample ¢c) (Toa) | 600°C

PE 362.6 476 0.51

PE/GF 4523 476.91 10.85
;PE/GF/S 447 A7 47825 12.63

| PE/GFIMS 468.32 491.78 12.15
MAPE/GF 468.37 489.36 11.02
MAPE /GF/S 469.7 491.79 13.07
MAPE /GF/MS 467.38 490.87 12.03

Tmax does not show much variation for the MA grafted hybrid nanocomposites. The
MA grafting is not affect the thermal stability of the hybrid composites.
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Figure 6a.24: Themogravimetric traces of HDPE and MA-g-HDPE hybrid composite

6a.4 CONCLUSIONS

The study shows that nanosilica and modified nanosilica can upgrade HDPE-

glass fibre composites and the following conclusions can be drawn.

Nanofiller additions at low concentrations can improve the performance of HDPE
short fibre composites.

Nanofillers with 10% fibre show good mechanical properties for the HDPE hybrid
composites.

Storage modulus increases with the presence of hybrid fillers and maleic
anhydride grafting.

The hybrid fillers have not much effect on crystallization temperature of HDPE.

Thermal stability of composites is enhanced by the addition of hybrid fillers.
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Part—b

High density polyethylene-nylon fibre-silica hybrid

nanocomposites

6b.1 INTRODUCTION

Fibre reinforced polymer composite materials have been widely used in many
structural applications such as aerospace, automotive, civil and marine structures due to
their excellent strength-to-weight ratio, chemical and weather resistances, tailor-able
mechanical, thermal and electrical properties. The conventional micro-fibre reinforced
polymer composite usually consists of polymer as the matrix system and micro-fibres with
diameter of 5-30um as the reinforcement system. The reinforcement of polymers using
nano fillers such as silica, clay, carbon nanotube efc. is also widely practised these days.
The dispersion of nanoparticles is a critical factor in the development of such
nanocomposites. High-density polyethylene (HDPE) due to its lightness, mechanical
properties, cheapness and availability is used for making various products.! All polymer
composites like nylon reinforced HDPE has the additional advantage of recyclability.? In
most of the cases fibre reinforced composites require fairly high fibre loading to get the
desired property.3* A composite with improved properties at low filler loading is always
the optimum choice. Hence hybrid composites based on particulate fillers, fibre and
plastic matrices are yet to be investigated in detail.

Development of polyethylene based composites for improving the mechanical
properties is the topic of this study. The reinforcing effects of nanosilica and modified
nanosilica on HDPE-nylon fibre composite is also proposed to be studied at different
loading levels of nylon fibre and nanosilica/modified nanesilica powder.

6b.2 EXPERIMENTAL

The short nylon fibre reinforced high density polyethylene composites were
prepared in a Torque Rheometer (Thermo Haake Rheocord 600). The modification of
HDPE-nylon fibre composite with silica/modified silica was also done by melt mixing in
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Torque Rheometer. 1 and 2wt.% of silica/modified silica were added during the
preparation of HDPE-nylon fibre composite to get the nano-micro hybrid composite. The
modification of hybrid nanocomposite was done by maleic anhydride (MA} grafting. The
mixing time of 8 minutes was used at a rotor speed of 50 rpm. The mixing chamber was
kept at 150 OC. In all cases the torque stabilized to a constant torque in this time. The
tensile properties, flexural properties, impact strength, dynamic mechanical analysis,
thermal properties and crystallization properties were analyzed according to various
standards as described in chapter 2.

6b.3RESULTS AND DISCUSSION
6b.3.1 High density polyethylene-nylon fibre composites
6b.3.1.1 Torque studies

The variation of mixing torque with time of mixing at different fibre loading is shown
in figure 6b.1. A mixing time of 8 minutes was fixed as earlier since the torque stabilized
to a constant value during this time. The temperature of the mixing chamber was fixed as
150 9C since the matrix properly melted and homogenized at this temperature under the
shear employed. The torque-time behaviour of HDPE/nylon fibre composites is similar to
that of PP/nyton fibre composites. Here also there is no reduction in torque on continued
mixing up to 8 min. This suggests that there is no appreciable degradation taking place
during this time.

—e— HDPE/10% NF
259 --e— HDPE/20% NF
— — HDPE/30% NF

~
ad
@
@

Time {rmin}

Figure 6b.1 Torque ~ Time curves of HDPE composites
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6b.3.1.2 Tensile properties

a) Effect of fibre length

To study the effect of fibre length on the tensile strength of the system, 10% fibre
filled composites were prepared with different average fibre length of 5, 10, 15 and 20mm
and the tensile strength of the composites were compared. The variation of tensile
strength of the composites with fibre length is shown in figure 6b.2. The maximum
strength is observed for the composites prepared with a fibre length of 10 mm as in the
case of PP/nylon fibre composite.

"
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Figure 6b.2 Variation of tensile strength with fibre length

b) Effect of fibre loading

Figure 6b.3 shows the variation of tensile strength and tensile modulus of
HDPE/nylon fibre composites with fibre loading. The tensile strength increases with fibre
loading up to 30% and decreases thereafter.



Chapter 66

- 1200
30 4 /__{ nw{ {
] } \ 1000 1 E/ \
[J w }
Sx g
s = 900{ {
& ' 3
ez >
g 3 o
"
e 7 s l
= T 700
5 25 4 g
= =
e 800 -
2 500‘1
— — T T Y — T T T
0 10 20 30 40 0 10 20 0 0

Nylon fibre content (weight %) Nylon fibre content (weight %)

Figure 6b.3 Variation of tensile strength and modulus with fibre loading

6b.3.1.3 Flexural properties
a) Effect of fibre length

The effect of fibre length on the flexural strength is given in figure 6b.4. Flexural
strength increases with increase in fibre length up to 10 mm and thereafter decreases.
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Figure 6b.4. Variation of flexural strength with fibre fength
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b) Effect of fibre loading

Figure 6b.5 shows the effect of fibre loading on the flexural strength and flexural
modulus of HDPE/nylon fibre composites. From the figure it is clear that both flexural
strength and modulus increases with fibre content. The maximum modulus is observed at

30% fibre loading.
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Figure 6b.5: Variation of flexural strength and modulus with fibre loading

6b.3.2 Modification of HDPE-nylon fibre composite with
silica/modified silica

Good tensile and flexural properties for HDPE-nylon fibre composites were
observed at 10 mm length of the fibre. Hence 1072 mm length was taken as fibre length
to make hybrid composites.

6b.3.2.1 Torque studies

The variation of mixing torque with time of mixing at different filler loading is shown
in-figure 6b.6. The mixing time of 8 minutes was fixed since the torque stabilized to a
steady value. The temperature of the mixing chamber was kept at 150 °C. The nano filler
additions have not much effect the initial and final torque values.
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Figure 6b.6:Torque — Time curves of HDPE composites

To study the effect of nanosilica/modified nanosilica on the properties of
HDPE/nylon fibre composites, 1and 2wt.% of nanofillers filled HDPE/nylon fibre
composites were prepared. The composites with 2wt.% nanosilica and modified
nanosilica showed better performance. Hence the properties of 2wt.% nanosilica/modified
nanosilica reinforced hybrid nanocomposites are discussed in detail.

6b.3.2.2 Tensile properties

Figure 6b.7 shows the variation of tensile strength and tensile modulus of
HDPE/nylon fibre composites with fibre and silica/modified silica loading. The presence of
silica/modified silica increases the tensile strength of the hybrid composites. This shows
that the presence of naofiller inside the composite positively interact with the micro filler
and matrix.
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Figure 6b.7: Variation of tensile strength with fibre foading and silica content

6b.3.2.3 Flexural properties

Figure 6b.8 shows the effect of nanofiller loading on the flexural strength and
flexural modulus of HOPE/nylon fibre composites. From the figure it is clear that both
flexural strength and modulus increases with fibre as well as nanosilica content. Here
also the presence of nano filler shows constructive result. The improvement in properties
is more prounced at 10% fibre content.
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Figure 6b.8: Variation of flexural strength with fibre loading and silica content
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6b.3.2.4 Impact strength

Figure 6b.9 shows the effect of nanofiller loading on the impact strength of
HDPE/nylon fibre composites. The figure shows that the impact strength improves at 10%
fibre loading and thereafter it decreases with fibre loading. The nano filler addition also
follows the same trend but it improves the strength at all fibre loadings.
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Figure 6b.9: Variation of impact strength with fibre loading and silica content

6b.3.3 Effect of matrix modification on nano-micro hybrid
composites of HDPE

The nonpolar HDPE matrix was grafted with polar monomer (maleic anhydride) to
make it polar. During the grafting nano and micro reinforcements added with the matrix to

get hybrid composite as in section 6a. The nanofiller additions kept constant as 2%.
6b.3.3.1 Torque studies

The variation of mixing torque with time of mixing at different fibre loading is shown
in figure 6b.10. The mixing time of 8 minutes set as earlier since the torque stabilized to
constant value during this time. The temperature of the mixing chamber was fixed as
1500C.
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Figure 6b.10: Variation of mixing torque with time

6b.3.3.2 Tensile properties

The effect of chemical treatment on the tensile properties of HDPE/nylon fibre
composite is described in the reference.2 Figure 6b.11 shows the effect of chemical
treatment on HDPE/nylon fibre/fsilica hybrid composites. It is observed that there is a
significant improvement in tensile modulus for MA grafted HDPE hybrid nanocomposites
compared to the composites prepared from pure HDPE.
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Figure 6b.11: Variation of tensile strength and modulus with fibre loading and
sifica content



Chapter 66

6b.3.3.3 Flexural properties

The flexural properties of the HDPE hybrid composites are compared with those of
chemical treated HDPE hybrid composites in figure 6b.12. A noticeable improvement in
flexural properties is observed for the composites with 10% fibre loading. From the figure
it is clear that both flexural strength and modulus increases with fibre as well as
nanosilica content.

I 1000 4 A
] | .
301 {/ /T = / ! [
= . « l e
o h I [ 1 -~ -~
= )4 = a0 / / -
< -8—PEINF H . -
2 — - MAPEINF E] " !
2 A&— MAPENNF/S 3 /
z —¥ MAPEINFIMS ;
: RS S - %
2 A — A — " 2 —»—PENF
—o— MARPEINF
- -A— MAPENNFIS
w0l —y— MAPEINFMS
0 T T T T ¥ T ™ T L LA S S R A REN S
Q 5 10 15 20 25 3 ] 5 10 15 20 p:) 30
Nylon fibre content (Weight %) Nylon fibre content (Weight %)

Figure 6b.12: Variation of flexural strength and modulus with fibre loading and
silica content

6b.3.3.4 Impact strength

The impact strength of the nano-micro hybrid composites of HDPE are compared
with MA treated HDPE hybrid composites in figure 6b.13. The figure shows that the
impact strength is improved at 10% fibre loading and thereafter decreases with fibre
loading. The hybrid composite also shows the same trend, but the impact strength is
improved than the fibre composites.
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Figure 6b.13: Variation of impact strength with fibre loading and silica content

6b.3.4 Dynamic mechanical analysis

Figure 6b.14 illustrates the variation of storage modulus (E') with the addition of
2wt.% silica and modified sifica on HDPE/nylon fibre (10wt.%) as a function of
temperature. It is found that the storage modulus of the composites is increased with the
presence of nanosilica and modified nanosilica and it is more pronounced at low

temperatures.
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Figure 6b.14. Variation of storage modulus of HDPE/nylon fibre-silica hybrid composites

with temperature



Chapter 66

Figure 6b.15 illustrates the variation of E' with the addition of 2wt.% silica or
modified silica on MA-g-HDPE/nylon fibre (10wt.%) as a function of temperature. Here
also it is found that the storage modulus of the composites is increased with the presence
of nanosilica/modified. When compared with nanosiica filled composite, the composite
containing modified nanosilica showed low E' values at lower temperatures and high E'
values at higher temperatures. This indicates that the grafted samples show higher
interaction only at higher temperatures. The decrease in modulus at higher temperature
is associated with the chain mobility of the matrix> and the thermal expansion occurring in
the matrix resulting in reduced intermolecular forces.
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Figure 6b.15: Variation of storage moduius of MA-g-HDPE/nylon fibre-silica hybrid
composites with temperature

Table 6b.1 shows the storage modulus and relative (normalized) storage
modulus (E'J/E'w where E'; and E'n are the storage moduli of composite and matrix
respectively) values of nano-micro hybrid composites at temperatures 40, 80 and 120 °C.
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Table 6b.1. Variation of storage modulus and normalized storage modulus of
HDPE and HDPE hybrid nanocomposites at 40, 80 and 120 °C

Sample Storage modulus (MPa) Normalized storage modulus
400C | 80°C | 120°C | 40°C 80°C 120 °C
PE 7812 | 2863 | 63.49 1 1 1

PE/NF 8822 | 320.2 72 113 112 1.13
PE/NF/S 1328 | 4676 | 1147 1.69 1.632 1.81
PE/NF/MS 1281 | 4533 | 1193 1.64 1.58 1.88
MAPE/NF 1792 | 6614 | 176.2 2.28 2.3 2.78
MAPE/NF/S 2339 1161 | 3433 2.99 4.06 5.41
MAPE/NF/MS 2107 | 760.7 385 2.69 2.66 6.06

The storage modulus and the normalized storage modulus of the hybrid composites
increased with the presence of silica/modified nanosilica at all temperatures. MA-g-HDPE
hybrid composite containing modified silica showed higher modulus only at higher
temperature. The normalized modulus values at 40 °C and 80 °C do not showed
considerable variation, but at 120 °C high normalized modulus values are obtained by
maleic anhydride grafting, compared fo the pure polymer.

The variation of tan 5 of HDPE/nylon fibre and MA-g-HDPE/nylon fibre composites
with nano filler loading, as a function of temperatures is shown in figure 6b.16 and 6b.17
respectively. Incorporation of stiff fibres and nanofiller reduces the tan & value of the
composite by restricting the movement of polymer molecules and also due to the
reduction of viscoelastic lag between the stress and strain.”® The tan & values were
lowered in the composites compared to the pure polymer may also because of the less
matrix by volume to dissipate the vibrational energy. The figures indicate that the
relatively high viscoelastic damping character (tan & value) for the pure polymer becomes
lowered on reinforcement with nano-micro hybrid. The lowering of the tan 6 value is a
measure of enhanced interfacial bond strength and adhesion between the fillers and
matrix.
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6b.3.5 Crystallization characteristics

The presence of fillers usually affects the crystallization behaviour of a polymer.
The crystallization may have major influence on the structure of composites and thereby
on the mechanical properties. Hence it is very important to study the crystallization
kinetics of composites which determines the final properties of a polymeric product.
Differential Scanning Calorimetry (DSC) is the widely accepted technique to study the
crystallization and thermal behaviour of polymer.

6b.3.5.1 Non-isothermal Crystallization

The effect of hybrid fillers on the crystallization characteristics of melt compounded
HDPE/nylon fibre-silica/modified silica nanocomposite samples were analyzed first with
non-isothermal DSC experiments. The crystallization temperatures (T¢), the apparent
melting temperatures (T} and the corresponding enthalpies (AH: and AHr) for all the
samples are reported in table 6b.2.

Table 6b.2 Thermal characteristics of nano-micro hybrid composites

Sample Te | AH: | Tm | AHn
(°C) | (Jig) | (°C) | (Jla)
PE 115 [ 1933 [ 1319 | 1727

PE/NF 115.3 [ 193.1 | 132.1 | 1831

PE/NF/S 1149 | 188.2 | 129.1 | 1711

PE/NFIMS | 1156 | 187.2 | 1289 | 171.8

MAPE/NF | 1157 | 186.5 | 128.1 | 168.1

MAPE/NF/S | 118.1 | 189.1 1 129.3 | 170.5

MAPE/NF/MS | 117.5 | 188.3 | 1286 | 168.1

Figure 6b.18 shows the DSC cooling scans of HDPE, HDPE hybrid
nanocomposites and MA-g-HDPE hybrid nanocomposites. During cooling from the melt,
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the hybrid composite samples show crystallization exotherms earlier than pure HOPE, as
also seen from the corresponding Tc values indicated in table 6b.2.

The T, values show small increment with silica or modified silica addition in HDPE-
nylon fibre composites. The hybrid sample prepared with MA grafted HDPE crystallizes
about 3 °C earlier than pure HDPE. This indicates that grafting increases the interaction
of matrix with filler and thus the hybrid filler can act as nucleating agent for HDPE
crystallization.
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Figure 6b.18: DSC cooling scans (10 °C/min from 180 °C melt} of hybrid composites

Smaller the degree of supercooling (AT = Tr-Tc), higher will be the crystallizability.
The AT values of the HDPE/nylon fibre and HDPE hybrid composites given in table 6b.3
are also not show much variation. The AT values vary by ~ 2 to 6 °C than that of pure
HDPE. This reveals that the crystailizability of the hybrid nanocomposites is better than
that of pure HDPE.

Table 6b.3: AT values of HDPE and HDPE composites

Sample AT (°C)
PE 16.9
PEINF 16.8
PE/NF/S 14.2
PE/NFMS 133
MAPE/NF 124
MAPE/NF/S 11.2
MAPE/NF/MS 1.1
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6b.3.5.2 Isothermal crystallization

Figure 6b.20 shows the isothermal crystallization curves of pure HDPE and HDPE
composites at four temperatures (110, 115, 120 and 122 °C). The time corresponding to
the maximum in the heat flow rate (exotherm) is taken as peak time of crystalliization
(teax). In the case of pure HDPE, no peak is seen at the highest temperature of 122 °C
because crystallization is very slow and would require longer time than the 4 minutes
employed in the DSC program. On the other hand, for the MA treated hybrid
nanocomposite samples with 2wt.% silica, the rate of crystallization is so fast near the
lowest temperatures that most of the crystallization occurs already during the cooling
scan (60 °C/min) employed to reach the temperatures (110 or 115 ©C). This results in
absence of exothermic peaks in the heat flow curves at those temperatures.

The peak times of crystallization at each of the temperatures for all the hybrid
nanocomposite samples are plotted against the isothermal crystallization temperature
(Figure 6b.19). It is noticeable that the teea values of the composite samples reduce to
less than 40% as compared to pure HDPE due to the presence nano-micro filler. With the
modified silica and grafting the crystallization rate is increased (as indicated by the
decrease in tea), demonstrating the role of modification on the surface of silica and
polymer backbone for enhancing the matrix-filler interaction and thus enhancing the rate
of crystallization.
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Figure 6b.19: Effect of hybrid filler and matrix grafting on the peak crystallization
time of the composites at different isothermal crystallization temperature
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Figure 6b.20: Heat flow during isothermal crystallization of HDPE composites
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6b.3.6 Thermogravimetric analysis

The thermal degradation pattern of HDPE and its composites in nitrogen
atmosphere at a programmed temperature range of 50-600 °C are shown in figures
6b.21 and 6b.22. The temperature of onset of degradation (Ti), temperature at which
maximum degradation occur (Tmax} and the residue obtained at 600 °C are given in table
6b.4.
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Figure 6b.21: Thermogravimetric traces of HDPE and HDPE hybrid composite

In the case of HDPE, degradation is observed in a single step and up to 365 °C
the sampie is stable thereafter sharp weight loss occurs till 520 °C. For nylon fibre the
degradation take place between 400 to 500 °C in a single stage. Both the matrix and fibre
follows single step degradation and also having comparable Trma. Hence the hybrid
composite samples also showed similar degradation pattern. But the presence of nano-
micro hybrid filler is increased the thermal stability of HDPE. The Trax of HDPE improved
from 476 OC to 483 °C for HDPE hybrid composite. This improvement in thermal stability
of the composites may result from the presence of thermally stable inorganic filler and its
good dispersion in the matrix. Gilman suggested that the improved thermal stability of

polymers in presence of fillers is due to the hindered thermal motion of polymer molecular
chains.®
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Table 6b.4: Degradation characteristics of HDPE and hybrid composies

Onset temp. | Peak max | Residue at
Sample
(°C) (Tmax) 600 °C
PE 362.6 476 0.51
PE/NF 443.15 4849 0.56
PE/NF/S 4453 481.9 1.19
PE/NF/MS 450.8 483.2 1.14
MAPE/NF 4194 456.9 23
MAPE/NF/S 448.7 484.58 44
MADPE/NF/MS 446.2 483.9 4.2

MA grafted hybrid composite with nanosilica showed higher Tra (484 OC). This
shows that the interaction of polar filler with matrix can be improved by making it polar.
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Figure 6b.22: Thermo gravimetric traces of HDPE and MA-g-HDPE hybrid composite
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6b.4 CONCLUSIONS

The study shows that HDPE/nylon fibre composites can be upgraded with
nanosilica/medified nanosilica and the following conclusions can be drawn.

The incorporation of nanosilica and modified nanosilica improves the
mechanical properties of HDPE-nylon fibre composites.

Storage modulus increases with the presence of hybrid fillers and maleic
anhydride treatment.

The hybrid fillers not have much effect on crystallization temperature of HDPE.
Thermal stability of composites is enhanced by the addition of hybrid fillers.

HDPE can be successfully reinforced with nylon fibre-silica hybrid fillers.



Chapter 66

REFERENCES

1. C.H.White, R H.Gough, J.U.McGregor, V.V.Vickroy; J.Dairy Sci., 1991, 74, 96.
2. T.N.Abraham; Recyclable short fibre reinforced plastics, Ph.D. thesis, August 2005.

3. RVaratharajan, S.KMalhothra, LVijayaraghavan, MKrishnamurthy, Materials
Science and Engineering.B, 2006, 132, 134.

4. M.ZRong, M.Q.Zhang, Y.X.Zheng, H.M.Zenq, K.Friedrich; Polymer 2001, 42, 3301.

5. P.V.Joseph, G.Mathew, K.Joseph, G.Groeninckx, S.Thomas; Comp. Part A, 2003,
34, 275.

6. J.George, S.S.Bhagavan, S.Thomas; J. Thermoplastic Comp. Mat. 1999, 12, 443,
7. D.Ray, B.K.Sarkar, S.Das, A.K.Rana, Comp. Sci. Technol. 2002, 62, 911.
8. A.K.Saha, S.Das, D.Bhatta, B.C.Mitra; J.Appl. Polym.Sci. 1999, 71, 1505.

8. J.W.Gilman; Appl.Clay.Sci. 1999, 15, 31.



Chapter 7

Summary and conclusions

Upgrading two widely used standard plastics, polypropylene (PP) and high
density polyethylene (HDPE) has been the main objective of this study. Upgradation
was effected by using nanomodifiers and/or fibrous modifiers. PP and HDPE were
selected for modification due to their attractive inherent properties and wide spectrum of
use.

Nanosilica was synthesized from sodium silicate and hydrochloric acid by a
matrix assisted precipitation process under controlled conditions. It is a cost effective
method for the preparation of nanoparticles. Here chitosan was used as matrix to
condense the silica particles and thus to produce low sized uniform particles. This
synthesized silica was characterized by using X-ray diffraction (XRD), Scanning
Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), BET Adsorption
and Infrared Spectroscopy (IR). The prepared nanosilica had an average particle size of
18 nm. To reduce the polarity of the silica particles by reducing the number of surface
hydroxyl groups, it was modified using vinyl triethoxy silane (VTES) by hydrolysis
followed by condensation. This modification also reduced the agglomeration tendency
of nanosilica.

PP-silica and HDPE-silica nanocomposites were prepared by melt mixing in a
torque rheometer. The mechanical properties of the polymers improved marginally on
addition of modified nanosilica. The maleic anhydride grafting of the polymers
enhanced the properties further indicating that the interaction of nanofiller with the
polymers increases by the chemical treatment. From dynamic mechanical analysis it
was observed that the nanosilica/modified nanosilica improved the storage modulus of
the nanocomposites at all temperatures at low concentrations. The material becomes
more stiff and elastic by the presence of nano fillers. Thermogravimetric studies proved
that the thermal stability of the polymers can be improved by the incorporation of
nanosilica. Differential scanning calorimetry studies revealed that nanosilica/modified
nanosilica acts as effective nucleating agents for PP melt crystaltization. Nanosilica at a
concentration as low as 1% enhance the crystallization temperature of PP by 6°C. This
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study also demonstrated the importance of the chemical treatment of the matrix
polymer for the effective interaction with nanofillers because the presence of nanofiller
in MA treated PP improved the crystallization temperature of PP by 16°C. However the
effect of nano silica as a modifier of the crystallization temperature seems to be less
significant in the case of HDPE since it enhances the crystallization temperature by 3°C
only. But nanosilica reduces the melt's isothermal crystallization time by more than 40%
in both PP and HDPE.

The effect of nanosilica/modified nanosilica on PP-short fibre and HDPE-short
fibre composites was also investigated. The combined use of nano-micro hybrid filler
improved the properties of polymers. The improvement depends on the concentration of
nano & micro filler, type of the fillers & matrix, chemical treatment and mostly on the
interaction of matrix, fibre and nanofiller. The mechanical properties of the nylon fibre
composites and glass fibre composites improved by the presence of nanosilica/modified
nanosilica. This improvement is marginal but the chemical treatment improves the
mechanical performance of hybrid composites further. This shows that the introduction
of polar nature into the polymer helps it to interact strongly with polar fillers. The impact
strength of PP hybrid and HDPE hybrid nanocomposites is highest at 10% fibre loading.
Dynamic mechanical properties also improve in the presence of hybrid filler and
chemical treatment. Hybrid fillers also act as effective nucleating agents in PP melt
crystallization. This effect is comparatively less in the case of HDPE. Glass fibre-silica
hybrid filler enhance the crystallization temperature (T¢) of PP by 14°C but the same
combination enhances crystallization temperature only by 1°C for HDPE. Here also the
MA grafting helped to improve T of the hybrid composites. The hybrid fillers reduce the
melt's isothermal crystallization time by more than 50% in both PP and HDPE. Thermal
stability of PP and HDPE improve by the presence of hybrid filler as expected.

A significant observation from this study is that the requirement of higher fibre
loading for efficient reinforcement of polymers can be substantially reduced by the
presence of nanofiller together with fibre in the composite. Higher loading of fibre will
naturally make the melt more viscous and hence processing will become more difficult.
However, hybrid fillers can alleviate this problem and maintain the easy processability of
the polymer.



Abbreviations and symhols

ASTM American standards and testing methods manual
AFM Atomic Force microscopy
BET Brunauer, Emmett and Teller
b Width of specimen tested
CMC Carboxymethyl chitosan
CNTs Carbon nanotubes

cm centimetre

d Depth of specimen

DMA Dynamic mechanical analysis
DSC Differential scanning calorimetry
DTA Differential thermal analysis
DTG Derivative thermogravimetry
E' Storage modulus

E" Loss modulus

EB Elongation-at-break

FRC Fibre reinforced composite
FRP Fibre reinforced plastics
FTIR Fourier Transform infrared
GP General Purpose

GPa Giga pascal

HDPE High density polyethylene
hrs Hours

Hz Hertz

IR Infra Red Spectroscopy

1. Critical fibre length

LDPE Low density poly ethylene
L.R. Laboratory reagent

m metre

MA Maleic anhydride

MA-g-HDPE Maleic anhydride grafted high density polyethylene



MAPE
MAPP
MA-g-PP

min

mol
pum
MPa
MMC
MS

PE
PET
phr
PMC

Maleic anhydride grafted high density polyethylene
Maleic anhydride grafted PP
Maleic anhydride grafted PP
Minutes

millimetre

Mole

Micrometer

Mega Pascal

Metal matrix composite
Modified nanosilica
Nanometre

Newton meter

Polyethylene

Polyethylene terephthalate
Parts by hundred parts by weight of resin
Polymer matrix composite
poly propylene

parts per million
Revolutions per minute
Nanosilica

Scanning electron microscopy
Silica

Loss factor

Temperature

Glass transition temperature
Thermo gravimetric analysis
Universal Testing Machine
Volume fraction of fibre
Volume fraction of matrix
Vinyl triethoxy silane

X- ray diffraction

Zinc oxide
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