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ABSTRACT

Polymer nanocomposites may be defined as structinas are formed by infusing
layered-silicate clay into a thermosetting or thephastic polymer matrix. The
nanocomposites are normally particle-filled polymfar which at least one dimension of
the dispersed particles is in nanoscale. Thesepdéyner nanocomposites have thus
attracted great interest in industry and academ& td their exhibition of remarkable
enhancements in material properties when compacedthé virgin polymer or
conventional micro and macro-composites.

The present work describes the synthesis, mecHapioperties and morphology of
nano-phased polypropylene structures. The strustuvere manufactured by melt-
blending low weight percentages of montmorillof{MMT) nanoclays (0.5, 1, 2, 3, 5 wt.
%) and polypropylene (PP) thermoplastBoth virgin and infused polypropylene
structures were then subjected to quasi-statidl¢etests, flexural tests, micro-hardness
tests, impact testing, compression testing, fracttioughness analysis, dynamic
mechanical analysis, tribological testing. Scanralggtron microscopy studies were then
conducted to analyse the fracture surfaces ofipeidP and PP nanocomposite. X-ray
diffraction studies were performed on closite 19Aycand polypropylene composites
containing 0.5, 1, 2, 3 and 5 wt. % closite 15A aw@ay to confirm the formation of
nanocomposites on the addition of organo claysndmassion electron miscopy studies
were then performed on the PP nanocomposites termdieie the formation of

intercalated, exfoliated or agglomerated nanodayctures.

Vil



Analysis of test data show that the mechanical gntgs increase with an increase in
nanoclay loading up to a threshold of 2 wt. %, ¢ladter the material properties degrade.
At low weight nanoclay loadings the enhancemergroperties is attributed to the lower
percolation points created by the high aspect mratiooclays. The increase in properties
may also be attributed to the formation of intemtadl and exfoliated nanocomposite
structures formed at these loadings of clay. Athbrgweight loading, degradation in
mechanical properties may be attributed to the &bion of agglomerated clay tactoids.
Results of XRD, transmission electron microscopyd&s and scanning electron

microscopy studies of the fractured surface ofiterspecimens verify these hypotheses.
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CHAPTER 1

INTRODUCTION

1.1. COMPOSITES

Man has used a variety of materials for their needs camdfort. They have also
developed new materials for meeting their technological reaueints. As the levels
of technology become more and more sophisticated, the ialsitesed are to be
correspondingly more efficient. Several performance cheawatics are expected
from these materials. Firstly, the materials foghiend applications, such as
aerospace engineering, should have higher performance efficemt reliability.
Secondly, materials have to be light weight for marppliaations such as
thermoplastic storage compartments used in airplanethasdhe resulting products
can be energy efficient and cost effective. At leastpd0O cent of the cost of any
engineered product is constituted by the cost of matersad for its construction, as
in the automotive and polymer industries. Thirdly, malerimust have a good
combination of properties, such as tensile and flexatrahgth. This suggests that an
engineer must be able to design the material systemcwitibinations of properties
for specific end uses. Finally, the present day prodattsiodern technological
origin may operate in environments that are special xtreme, like very high
temperature (of the order of 2500K), cryogenic conditiorghlfzicorrosive, vacuum
(as in space), high hydrostatic pressure (as in deep, high electric, magnetic or
irradiation fields, etc. The conventional materialsynrm@t always be capable of
meeting the demands of such environments. New materialbearg created for
meeting these performance requirements and compositeiatgeaferm one class of

such material system developed.



Composite material has a complex morphology, in which tw more distinct,
structurally complementary substances combine to produces ssractural or
functional properties not present in any individual compangéramples of this are,
glass fiber reinforced thermoset polymers, and wood (a \wé&sticized, air-foamed
composite of cellulose fibres in a crosslinked lignintira In engineering and
material science, composites are more narrowly defiag physical mixtures of
chemically different materials that are insoluble acle other and are thus present as

distinct phases: usually a continuous phase (matrix), amtantinuous phase.

1.2. CLASSIFICATION OF COMPOSITES
Composites may be classified into different types basethe reinforcement and the

matrix that are used.

1.2.1. Classification Based on Reinforcements

Composites can be classified as particle-reinforaadposites and fiber-reinforced
composites based on the type of reinforcing particlesg@mposites, in which the
dispersed reinforcing phase is present in the fornpasficles is called particle-
reinforced composites. The particle-reinforced composites be further classified
into large-particle composites and dispersion-strengthemmedpasites based on
particle size. The distinction between these is based ugofonrcement size, and
strengthening mechanism. The term “large” is used to amelithat, the particle-
matrix interaction cannot be treated in molecular or atdavel. For most of these
composites the particulate phase is stronger than thexmahese reinforcing

particles tend to restrain the movement of the mathase in the vicinity of each
particle. In essence, the matrix transfers some of pipdeal stress to the particles,

which bears a fraction of the load. The degree of resefment or improvement of the



mechanical behavior depends upon the strong bonding at the-petitle interface.
The particles are small in size (10 —100 nm) in the digpesrengthened
composites. Particle-matrix interactions that leadrengfthening occurs at the atomic
level. The matrix bears the major portion of an applied Jand the small-dispersed
particles, hinder or impedes the motion of dislocations. Tplastic deformation is
restricted such that yield strength, tensile strengthteardness improve.
Composites where the dispersed reinforcing phase is ifotheof fiber are called
fiber-reinforced composites (FRC). Based on fiber atignt and length, the FRC can
be classified further into three categories [2],

1. Continuous and aligned FRC

2. Discontinuous and aligned FRC

3. Discontinuous and randomly oriented FRC
In continuous and aligned FRC the fibers are continuous and alifjhedoroperties
of a composite having its fibers aligned are anisotrofiie,) dependent on the
direction in which they are measured. In discontinuous hgaeal FRC the fibers are
discontinuous and aligned in one direction. The reinforceraffitiency will be
lower for discontinuous and aligned FRC compared to continalndigligned FRC. It
will approach 90 per cent of elastic moduli, and 50 per oénénsile strength of
continuous and aligned FRC [2]. Discontinuous and randomly odidfiRC can be
considered as an isotropic material. It exhibits uniforopprty in all directions. The

fibers are short, discontinuous, and randomly oriented.

1.2.2. Classification Based on Matrix
Based on matrix material [3] the composites can beifitabas:

1. Polymer Matrix Composites (PMC)



2. Metal Matrix Composites (MMC)

3. Ceramic Matrix Composites (CMC)

In polymer matrix composites, the matrix phase is polyamer the reinforcing phase
may be fibers or ceramic particles. These mateaasdsused in various composite
applications e.g. aerospace engineering and are usedablsizgiantities because of

their low cost and ease of fabrication.

For the polymers in solid state, the polymer chains beconamged and the portion
of the polymer molecules can pack closely togetheromespolymers this packing
becomes close and even secondary bonds form between poljinese areas of
close packing are called crystalline regions because @idlogy with metallic and
ceramic crystals. In some polymers the molecules dalostly pack and they are
randomly arranged. These regions are called amorphous regios. dfl the
thermoplastic polymers are semi-crystalline and thermodgingos are amorphous.
These thermoplastic polymers exhibit medium strengthy &agrocess, recyclable,
flow under the application of temperature, and have poort hesistance.
Thermosetting polymers exhibit better strength congai@ the thermoplastic
polymers, are easy to process, rigid, have better headtarece, hardens on
application of temperature, and are non- recyclable. Ehagh the polymers exhibit
better properties, they have certain drawbacks compam@ither material systems like
metals and ceramics. These polymer materials are oegntfor low strength and
low temperature applications. In order to extend its usagsructural areas, these
polymeric materials are filled with fillers and reinfements, so that it can withstand
high strength and also have high glass transition temperaB@cause of this, the

polymer composites are preferred to polymers in magyneering applications.



As the name implies, for metal matrix composites, thé&irme a ductile metal or
alloy and the reinforcing medium is continuous like fibersarbon, silicon carbide,
boron and alumina. Discontinuous reinforcement includes sili@vhide whiskers,
chopped fibers of carbon and alumina, particulates afosilicarbide and alumina.
These materials may be utilized at higher service testye than their base
counterparts. These materials are nonflammable and heategresistance to organic
fluids. Therefore, metal matrix composites are mongeagive than polymer matrix

composites.

In ceramic matrix composites, particulates, fibers biskers of one ceramic material
are embedded into the matrix of another ceramic mht&hase ceramic composites
have improved fracture toughness and high stress apmticampared to the ceramic
material alone. Ceramic composite materials are mdanthigh temperature

applications like heat shield of re-entry spacecratfts.

The present research work mainly deals with polymerposite materials with more

emphasis given to nanocomposites structures.

1.3. CLASSIFICATION OF POLYMER COMPOSITES
Polymer composites can be classified as
1. Macro-composites
2. Micro-composites
3. Nanocomposites
Polymer macro-composites are heterogeneous composites ofepslamd “macro”
sized fillers. The reinforcing phase in macro-composidk be in the millimeter

range. Polymer concrete is composed of polymers (polyestepoly methyl



methacrylate), aggregates (sand, ground limestone, atd.)pther additives (dyes,
etc.). But it does not contain cement. Compositional boaelpanel products. They
include particleboard, fiberboard, and hard board from flakeshearing chips, etc.
The fillers are mainly wood products and the resin used ia toamaldehyde,
polyurethane or phenolic resin.
Composites employing micron size fibers with high aspatb or fine hollow
spheres or fibers as reinforcement are called nuormposites. Here the matrix may
be any polymer. The reinforcing phase will be a continuowsr fdy short fiber or
micron sized fillers such as silicon carbide, aluméta, The main advantage of using
fibers is to improve strength, stiffness, and therstability of composites.
In nanocomposites, the reinforcing phase will be in theomeeter range. Generally
macroscopic reinforcing elements contain imperfections. iaic perfection
increases as the reinforcing elements become smallersianadler. The ultimate
properties of reinforcing composite elements may beebga when their dimension
reach atomic or molecular levels. For example, canamotubes have the highest
elastic modulus (1 TPa). In comparison, individual clayesheeing only 1 nm thick
and constructed from only three metal oxide layersplaysa perfect crystalline
structure and have better properties.
In nanocomposites, the reinforcing nanomaterial may be,

1. Three-dimensional nanomaterials: all dimensions of theenmah are in the

order of nanometers (e.g. spherical alumina nanopatrticles)
2. Two-dimensional nanomaterials: two dimensions of theerat are in
nanometer range (e.g. carbon nanotube or whiskers)
3. One-dimensional nanomaterials: only one dimension of theeriahts in

nanometer range. (e.g. clay).



At these very small sizes, the property of nanocommosiépends not only on the
properties of two materials that form them but alsoheway these materials interact
together at the molecular level. Clearly, the intesfadetween the matrix and
reinforcement are maximized in nanocomposites. Hence,ptbperties of the

composites, that is especially dependent on interfaciahgihe, such as shear
strength, and very high flexural strength. The mechaaicdlelectrical properties can
be simultaneously maximized in such composite materialsadbieve super

conducting structural material. Other properties that haea Baown to be superior

in nanocomposites were optical clarity, thermal stabhibind reduced flammability

[4].

14. CLAY POLYMER COMPOSITES

Recently clays are considered as a fundamental reinfpraélement in
nanocomposites [5]. Clay-polymer nanocomposites are aivaly new class of
reinforced polymers with incorporated particles thatayout 1000 times smaller than
those in conventional composites. In clay-polymer nanocongsosthe silicate
platelets are dispersed much more finely. Dimensidrsslioate platelets are of the
order of 1 nm thick, and width, and length in the rang&0®&-200 nm. Surface areas
of the clays are approximately 706 per gram. The silicate platelets in clay-polymer
nanocomposites are not only small, but also the aspect (fatigth/thickness) is
much higher.

These clay-polymer nanocomposites possess a unique combiniaficoperties, i.e.
relatively high strength, and stiffness, high barrieoperties, and good flame

retardancy. The processibility is similar to that ofilled polymers and conventional



polymer composites. It also offers extra benefits like tensity, transparency, good

flow, better surface properties, improved dimensistaility, and recyclability [5].

1.5. APPLICATIONS OF NANOCOMPOSITES

The clay-polymer nanocomposites may be used in various auvemgeneral and
industrial applications. These include potential for util@atas mirror housings on
various vehicle types, door handles, engine covers, and intakegoids, and timing
belt covers. More general applications currently being coresidanclude usage as
impellers, and blades for vacuum cleaners, power tool housamgs,covers for
portable electronic equipment such as mobile phones, paggé&.e

Clay nanoparticles, for instance, are of new relevameeaterials, due to their ability
to make the materials stronger, lighter, more durablé t@nsparent. These materials
are already being applied in the US automotive industeyGM Motors, Safari and
Chevrolet Astro vans, for instance, use a clay-polyprogylganocomposite material
for a ‘step-assist’, an optional extra to improve asdesthe vehicle. Mitsubishi’s
GDI cover for engines is made of clay/nylon-6 nanocomes$it].

Nanocomposites also find applications in both flexible agt rfood packaging.
Specific examples include packaging for processed meatgseh confectionery,
cereals, and boil-in-the-bag foods, also extrusion-coatingicapipns in association
with paperboard for fruit juice, and dairy products, etih@r with co-extrusion
processes in the manufacture of beer, and carbonartéd dottles [6].

Nylon is often regarded as one of the most promisingise®r nanocomposite
additives [8]. In packaging, the major application focusnfdon 6 nanocomposites is
in high-barrier packaging. The clay-polyethylene terdpteananocomposites bottles

are also used as containers to hold drinks, sincasithproved oxygen, and carbon



dioxide barrier [9]. Considerable interest is now beingv in clay-polyamide-6/66

nanocomposites as both fuel tank and fuel line componerntar®{8].

1.6. PRESENT WORK

In the present work, clay-polymer nanocomposites areapedpusing thermoplastic
polypropylene as the matrix and organo-modified clay, Cla&ifg as the reinforcing
phase. The clay-polypropylene nanocomposites morphologwiaaterized by X-ray
diffraction studies (XRD) and transmission electronrogcopy (TEM). The study of
the mechanical properties of pristine and infused PP oamaasites includes tensile,
flexural, impact, hardness, and compression testing. fHoéufe surface analysis of
polypropylene nanocomposites includes scanning electron mickoscap fracture
toughness testing. The polypropylene nanocomposites were rfuattedysed to
determine the storage modulus by dynamic mechanicatsaasdDMA) and the wear

loss was determined by tribological analysis.



CHAPTER 2

LITERATURE REVIEW

21. CLAY POLYMER NANOCOMPOSITES

In recent years clay-polymer (CP) nanocomposites htvacted great interest, both
in industry and in academia, because, they exhibit rermigrkemprovement in
materials properties when compared to virgin polymer anventional micro and
macro-composites. These improvements include high modukl4],0increased
strength, and heat resistance [15], decreased gas péeityedbb-20] and
flammability [21-25]. Biodegradability of biodegradalgelymers is also enhanced
due to the presence of terminal hydroxylated edge grothirilicate layers [26]. On
the other hand, there has been considerable interedteoryt and simulations
addressing the preparation and properties of these maf@7aB1], and they are also
considered to be unique model systems to study the struatdredymamics of
polymers in confined environments [32-34]. Although therncalation chemistry of
polymers when mixed with appropriately modified clay aynthetic clay has long
been known [35], the field of clay polymer nanocompoditas gained momentum
recently after the two major findings that have stirtedathe revival of interest in
these materials. First, the report from the Toyotaarebe group of a Nylon-6
(N6)/montmorillonite (MMT) nanocomposite [36], for whichryesmall amounts of
clay loading resulted in pronounced improvements of thieramal mechanical
properties. Second, the observation by Vaia et al., thigt possible to melt-mix
polymers with clay without the use of organic solventd.[3éday, efforts are being

made globally to prepare nanocomposites using almospal tgf polymer matrices.
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2.2. STRUCTURE OF CLAY

The commonly used clay for the preparation of CP nanocdtepdselongs to the
general family of 2:1 layered silicates [38]. Its ¢&sstructure consists of layers
made up of two tetrahedrally coordinated silicon atoosed to an edge-shared
octahedral sheet of either aluminum or magnesium hydroxide ldyer thickness is
around 1 nm, and the lateral dimensions of these layeysvarg from 30 nm to
several microns, depending on the particular clay. StacKitige silicate layers leads
to a regular van der Waals gap between the layersdctiée interlayer or gallery.
Isomorphic substitution within the layers (for examp{€’ replaced by Mg or F&",

or Mg? replaced by Li") generates negative charges that are counterbalanced by
alkali, and alkaline earth cations situated inside tHeengss. This type of clay is
characterized by a moderate surface charge known asatiom exchange capacity
(CEC), and generally expressed as meg/100 g. This chageally constant, but
varies from layer to layer, and must be considered asexage value over the whole
crystal. Montmorillonite (MMT), hectorite, and saponite the most commonly used
clays.

Clays have two types of structure: tetrahedrally suwied and octahedrally
substituted. In the case of tetrahedrally substitutegsdhe negative charge is located
on the surface of silicate layers, and hence, the palymatrices can interact more
readily with these than with octahedrally substitutéaly.c Details regarding the
structure and chemistry of these clays are provided in Eiy.and Table 2.1

respectively.
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Fig. 2.1  Structure of 2:1 layered silicates

Table 2.1 Chemical formula and cation exchange capatdgmmonly used 2:1
layered silicates

2:1 layered silicates| Chemical formula CEC (meqg/100 g
Montmorillonite My (Al 4xM@x) SisO20(0OH)4 110
Hectorite M X(Mgﬁ-xl_i x)SigOzo(OH)4 120
Saponite M,Mgs(Sis-xAl x)SisgO20(OH), 86.6

M is the monovalent cation andthe degree of isomorphous substitution (between
0.5 and 2.3).

Two particular characteristics of clays are gengrationsidered for CP
nanocomposites; the first is the ability of the silicplatelets to disperse into
individual layers. The second characteristic is the ghidit fine-tune their surface
chemistry through ion exchange reactions with organiciamdjanic cations. These
two characteristics are, of course, interrelatedesthe degree of dispersion of silicate

platelets in a particular polymer matrix depends onritexlayer cations.
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2.3. CLAY SURFACE TREATMENTS

Pristine inorganic clay usually contains hydrated NaK" ions [39]. Obviously, in
this pristine state, inorganic clays are only miscibith Wwydrophilic polymers, such
as poly ethylene oxide (PEO) [40], or poly vinyl alconBVA) [41]. To render
silicate layers miscible with other polymer matricese must convert the normally
hydrophilic silicate surface to an organophilic surfateere are different ways to
modify clay minerals. The methods include adsorption, ion ax@é with inorganic
cations, ion exchange with organic cations, grafting ghnic compounds, reaction
with acids, pillaring by different types of poly hydroreetal cations, polymerization,
and physical treatments such as lyophilization, ultrasoand, plasma [42]. lon
exchange with alkyl ammonium ions is a well-known metlodake clay minerals
and clays dispersible in organic solvents and to renden tbhempatible with
hydrophobic materials during composite processing. Exchanthieg interlayer
cations of natural, and synthetic clay minerals (hé@ewmrfluoro micas, taeniolite),
and alkali silicates will provide a simple method to prepaew types of organic—
inorganic hybrid materials. Intercalation of organic ponmds is usually performed
by reacting the clay minerals with solutions or meltthef guest compounds. Among
these, cation exchange by organo-onium ions is the simpieiiod to modify

montmorillonite clays because of its high cation excharagacity.

2.3.1. Cation-Exchange Process

A characteristic feature of montmorillonite is thability to sorb certain cations and
to retain them in an exchangeable state. It meanshihse intercalated cations can be
exchanged by treatment of other cations in a wat@rtisn. The most common

exchangeable cations are'N&&*, Mg**, H", K" and NH". If the clay is placed in a
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solution of a given electrolyte, an exchange occurs leetvige ions of the clay (X

and those of the electrolyte Y

X.clay + Y Y.clay + X' (2.1)

As indicated, this reaction is balanced, and the extenthich the reaction proceeds

from the left to the right depends on the nature of thiereatX', and Y, on their

relative concentrations, and often on secondary reactions.

Although the Law of Mass is not obeyed quantitativelyha equation (2.1), the

equilibrium of the reaction can be moved to the rightreyeasing the concentration

of the added Ycation. The cation-exchange process is controlled bglitfusion of

the ion replacing the existing resident ion on the cation-exgehaite. It is considered

to occur in two stages:

1. Diffusion from the bulk of the solution through the indivitlieyers surrounding
the clay particles

2. Diffusion within the particle itself (particle difficn)

2.3.2. Cation-Exchange Capacity

For a given clay, the maximum amount of cations that caak®sn up is constant and
is known as the cation-exchange capacity (CEC). théssured in milliequivalents
per gram (meqg/g) or more frequently per 100 g (meqg/100g)oidth the convention
is to use this unit, in Sl units it is expressed in fombs per unit mass”. A CEC of 1
meq/g is 96.5 C/g in Sl units. Cation-exchange capacggsurements are performed
at a neutral pH of 7. The CEC of montmorillonite earirom 80 to 150 meq/100g.

Determination of the cation-exchange capacity is noorkess arbitrary and no high

14



degree of accuracy can be claimed. The measuremerads by saturating the clay

with NH;" ions and determining the amount by conductometric titration.

2.3.3. Compatibilizing Agents

Dispersing clay in a polymer is like trying to mix el water. Clay is hydrophilic in

nature, whereas most polymers are hydrophobic. The r@ecompatibilizing agent
is similar to that of detergents. It is a molecungtituted of one hydrophilic
function (which likes polar media such as water oty)cland one organophilic
function (which likes organic molecules such as oilpotymer). This allows the

dispersion of clay in polymers.

The first compatibilizing agents used in the prepanatibnanocomposites (Nylon 6-
clay hybrids) were amino acids [43]. Numerous other kifid®mpatibilizing agents

have since been used in the synthesis of nanocomposhesmdst popular are alkyl
ammonium ions because they can be easily exchangedheitbrts situated between
the layers. Silanes have been used because of they &breact with the hydroxyl

groups situated possibly at the surface and at the edgbe alay layers. Other

compatibilizing agents can also be used.

(@) Amino acids

Amino acids are molecules which consist of a basic agoop (-NH) and an acidic
carboxyl group (-COOH). In an acidic medium, a protornrassferred from the
— COOH group to the intermolecular —Akroup. A cation-exchange is then
possible between the —NHfunctional group formed and a cation (i.e. 'N&")
intercalated between the clay layers so that the ld@pmes organophilic. A wide
range ofw-amino acids (COOH - (Chh.1- NH3") have been intercalated between the

layers of montmorillonite. Amino acids were widelsed in the preparation of clay-
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nylon 6 hybrids because, the acid functional group hashitieydo polymerize with
- caprolactam intercalated between the layers [43F ifitergallery polymerization
delaminates the clay in the polymer matrix and favaesimocomposite formation.
(b)  Alkylammonium ions

Montmorillonite exchanged with long chain alkylammoniumsi@an be dispersed in
polar organic liquids, forming gel structures with highquid content.
Alkylammonium ions can be intercalated easily betwdencdlay layers and offer a
good alternative to amino acids for the preparation arfocomposites based on
polymer systems. The most widely used alkylammonium ioesased on primary
alkyl amines put in an acidic medium to protonate thearfunction. Their basic
formula is CH-(CH,),-NH3" where n is between 1 and 18. It is interesting to mate t
the length of the ammonium ions has a strong impact on sudting structure of
nanocomposites. Lan et §4] showed that, alkylammonium ions with chain length
larger than eight carbon atoms were favoring the formabdndelaminated
nanocomposites whereas alkylammonium ions with shorter cHesx$ to the
formation of intercalated nanocomposites.

The cation-exchange process of linear alkylammonium ®rmescribed in Fig. 2.2.
Maharaphan et al45] modified sodium activated montmorillonite clay gin
dodecylamine. Dodecylamine in concentrated hydrochloric acid &am
dodecylamine hydrochloride, (G{H.)11NH3.HCI), which can then be ionized to
become the dodecylammonium ion (Equation 2.2). These dodecylaommmms are
exchanged with sodium ions in montmorillonite and form doldecye-
montmorillonite (DMMT) which is organophilic clay (Equatio®.3). Chemical

modification alters the nature of montmorillonite frorpwre inorganic to an organic-
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like matter or from a hydrophilic to a hydrophobic matter tu¢he long tail of 12

carbons in dodecylamine [45].

CH3(CH2)11— NH, + HCI - CH3(CH2)11— NHzHC|
> CHs(CHy)11— NH;" + ClI B (2.2)

Cation exchange

CH3(CH2)11— NH3Jr

Clay — Na Clay — NE(CH,)1:CHs+ Na'
(2.3)
Where
Clay — N& : Sodium montmorillonite
CHs(CHg)1:NH3" : Dodecylamine
Clay — NH"(CH,)11CHs : Dodecylamine treated montmorillonite

Depending on the layer charge density of the clay, thdaatkyonium ions adopt
different structures between the clay layers like moresty bilayers,
pseudotrimolecular layers, and paraffin type monolaygshawn in Fig. 2.3. Fig. 2.2
shows that, the alkyl ammonium ions adopt a paraffin stpecture (clay with high
layer charge density) and the spacing between the glesslancreases by about 10 A.
Alkylammonium ions permit to lower the surface energyhaf clay so that organic

species with different polarities can get intercadabetween the clay layers.
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Fig. 2.2: Cation-exchange process between alkylammonium
ions and cations initially intercalated [45].
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Fig. 2.3 Structure and properties of organically modidikey.
(a) monolayers, (b) bilayers, (c) pseudotrimolecidgefs,
(d) paraffin type monolayers [42]

(© Silanes
Silanes have been used as a compatibilizing ageihieipreparation of unsaturated
polyester-clay nanocomposites [46]. Silane coupling agenta &mily of organo-
silicon monomers, which are characterized by the faanRHSIX;, where R is an
organo-functional group attached to silicon in a hydrolifticstable manner and X
designates hydrolysable groups, which are convertedatoosigroups on hydrolysis.
Silane coupling agents interact with “receptive” inorgagurfaces forming tenacious
bonds at the interface. These receptive inorganic surtaeesharacterized by the
presence of hydroxyl groups (OH) attached principallgiicon and aluminum that
are particularly favorable for bonding with silanes. In ¢y, hydroxyl groups are
possibly present on the surface of the layers but aldwydarly on their edges. The

silane coupling agent is first converted to a reactilanol form by hydrolysis, which
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then reacts with hydroxyl groups present on the inorganfacgirThe type of bond
(oxano or hydrogen) formed during this treatment Ibrgit clearly established.
24. STRUCTURE AND PROPERTIES OF ORGANICALLY MODIF IED
CLAY (OMC)
The physical mixture of a polymer and clay may not f@manocomposite. This
situation is analogous to polymer blends, and in mostscesgaration into discrete
phases takes place. In immiscible systems, whiclcallgi correspond to the more
conventionally filled polymers, the poor physical intei@ttbetween the organic and
the inorganic components leads to poor mechanical and thgmopérties. In
contrast, strong interactions between the polymer andrgfamo modified clay in CP
nanocomposites leads to the dispersion of organic and inonglaases at nanometer
level. As a result, nanocomposites exhibit unique properaéshown by their micro
counterparts or conventionally filled polymers [10-14].
Alkylammonium or alkylphosphonium cations in the organomodiGkays lower the
surface energy of the inorganic host and improve the wettwagacteristics of the
polymer matrix, and result in a larger interlayer spgcidditionally, the
alkylammonium or alkylphosphonium cations can provide functignalips that can
react with the polymer matrix, or in some cases i@tithe polymerization of
monomers to improve the strength of the interface betweennorganic and the
polymer matrix [35, 47].
Traditional structural characterization to determinedahentation and arrangement of
the alkyl chain was performed using wide-angle x-ray ation (WAXD).
Depending on the packing density, temperature, and alkyh deagth, the chains
were thought to lie either parallel to the silicatgels forming mono or bilayers, or

radiate away from the silicate layers forming mondiarolecular arrangements [42].
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However, these idealized structures have been shown torbalistic using FTIR
experiments [48]. Vaia et al. [48] showed that the atkdins can vary from liquid-
like to solid-like, with the liquid like structure dominadj as the interlayer density or
chain length decreases, or as the temperature incr@dsssccurs because of the
relatively small energy differences between the trans gauethe conformers. In
addition, for longer chain surfactants, the surfastamthe organo-modified clay can
show thermal transition akin to melting or liquid-crysted! to liquid-like transitions

upon heating.

25. TYPES OF CLAY-POLYMER NANOCOMPOSITES

In general, clays have silicate layers of thickneasnland high aspect ratio (e.g. 10-
1000). A few weight percent of clay that are properlypéised throughout the
polymer matrix creates much higher surface area foy/pdéymer interaction as
compared to conventional composites. Depending on thaegstreof interfacial
interactions between the polymer matrix and clay (modibedinmodified), three

different types of CP nanocomposites are thermodynamieliievable (Fig. 2.4).

%‘% =Y @/\\i?

INTERCALATED EXFOLIATED

Fig. 2.4 Types of clay-polymer nanocomposites [49]

l. Intercalated nanocomposites: in intercalated nanocompas$ieemsertion of a
polymer matrix into the inter gallery spacing of clay ascin a regular
crystallographic fashion, regardless of the clay to pelymatio. Intercalated

nanocomposites normally have interlayer of few moledalgers of polymer
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in between the layers. Properties of the composites tiypresemble those of
ceramic materials.

Il. Flocculated nanocomposites: conceptually this is the sasnentercalated
nanocomposites. However, silicate layers of clay amestimes flocculated
due to hydroxylated edge—edge interaction.

[ll. Exfoliated nanocomposites: the individual clay layers separated in a
continuous polymer matrix, and the average distance depends doadayg.
Usually, the clay content of an exfoliated nanocompositaush lower than

that of an intercalated nanocomposite.

2.6. TECHNIQUES FOR CHARACTERIZATION OF NANOCOMPOQOS ITES
Generally, the structure of nanocomposites has typicaliy lestablished using Wide
Angle X-ray Diffraction (WAXD) analysis and Transmissi Electron Microscopic
(TEM) observation. Due to its easiness and availability, UAs most commonly
used to probe the nanocomposite structure [11-14] and occagitmadtudy the
kinetics of the polymer melt intercalation [50]. By mamihg the position, shape, and
intensity of the basal reflections from the distributedicate layers, the
nanocomposite structure (intercalated or exfoliated) beaydentified. For example,
in an exfoliated nanocomposite, the extensive layer separassociated with the
delamination of the silicate layers in the polymer matesults in the eventual
disappearance of any coherent X-ray diffraction from tis&riduted silicate layers.
On the other hand, for intercalated nanocomposites, thte flayer expansion
associated with the polymer intercalation results inappearance of a new basal
reflection corresponding to the larger gallery height. AltholWyAXD offers a

convenient method to determine the interlayer spacindgnefstlicate layers in the
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clay, and in the intercalated nanocomposites (within I} hittle can be said about
the spatial distribution of the silicate layers or atguctural non-homogeneities in
nanocomposites. Additionally, some clays initially do eghibit well-defined basal
reflections. Thus, peak broadening and decrease in intemsityery difficult to study
systematically. Therefore, conclusions concerning the nészinaof hanocomposites
formation and their structure based solely on WAXDgyatt are only tentative. On
the other hand, TEM allows a qualitative understanding ofirtkexnal structure,
spatial distribution of the various phases, and views ofi¢fiective structure through
direct visualization. However, special care must be ased to guarantee a
representative cross-section of the sample. The WAXBempat of three different
types of nanocomposites are presented in Fig. 2.5. HowEkE#t, is time-intensive,
and only gives qualitative information on the sample aghale, while low-angle
peaks in WAXD allow quantification of changes in laypaang. Typically, when
inter-layer spacing exceed 6—7 nm in intercalated nanposites or when the inter
layers become relatively disordered in exfoliated namgmosites, associated WAXD

features weaken to the point of not being useful.
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Fig. 2.5: WAXD pattern of different types of
clay-polymer nanocomposites [51].
2.7. PREPARATIVE METHODS OF NANOCOMPOSITES
Intercalation of polymers in the intergallery spacingctdy has proven to be a
successful approach to prepare CP nanocomposites. Epargtive methods are
divided into three main groups according to the starting naégeand processing

techniques.

2.7.1. Intercalation of Polymer or Pre-polymer fromSolution
Water-soluble polymers, such as polyethylene oxide [52],vpoly acetate [41],
polyvinylpyrollidone [53], and polyethylene vinylacetate [[Sdave been intercalated

into the clay galleries using this method. Examples ofguson-aqueous solvents are
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nanocomposites of polycaprolactone [55] and polylactic f&tlin chloroform as a
co-solvent and high-density polyethylene with xylene bedzonitrile [57]. Nematic
liquid crystal CP nanocomposites have also been preparad tlis method in
various organic solvents, such as toluene and dimethhdimide [58]. The
thermodynamics involved in this method are described bdtowthe overall process,
in which polymer is exchanged with the previously io#édaited solvent in the gallery,
a negative variation in the Gibbs free energy is requirée. driving force for the
polymer intercalation into the intergallery spacing lafydrom solution is the entropy
gained by desorption of solvent molecules, which coreptes for the decreased
entropy of the confined, intercalated chains [27]ndghis method, intercalation only
occurs for certain polymer/solvent pairs. This metreodaod for the intercalation of
polymers with little or no polarity into layered strusts and facilitates production of
thin films with polymer-oriented clay intercalatedydsas. However, from a
commercial point of view, this method involves the copioues afsorganic solvents,

which usually is not environment-friendly and economicatbyhibitive.

2.7.2. In-situ Intercalative Polymerization Method

Clay-polymer nanocomposites based on epoxy [44], unsatupaibester [46],
polyurethanes [59] and polyethylene terephthalate [60] haem prepared by this
method.

In this method, the clay is swollen within the liquid monomea monomer solution
so the polymer formation can occur between the inteszhlsiheets. Polymerization
can be initiated either by heat or radiation, by the siiffn of a suitable initiator, or
by an organic initiator or catalyst fixed through oatexchange inside the interlayer

before the swelling step. This method is capable of praduevell-exfoliated
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nanocomposites and has been applied to a wide range ahgrolystems. This
technology is suitable for raw polymer manufacturersptoduce clay/polymer
nanocomposites in polymer synthetic processes and alswupaty useful for

thermosetting polymers.

2.7.3. Melt Intercalation

Recently, the melt intercalation technique has becomsttindard for the preparation
of CP nanocomposites. During polymer intercalation frohatem, a relatively large

number of solvent molecules have to be desorbed from theéchascommodate the
incoming polymer chains. The desorbed solvent moleculés @z translational

degree of freedom, and the resulting entropic gain compensatdse decrease in
conformational entropy of the confined polymer chains. &loee, there are many
advantages to direct melt intercalation over solutioargaiation. For example, direct
melt intercalation is highly specific for the polymirading to new hybrids that were
previously inaccessible. In addition, the absence oblaest makes direct melt
intercalation an environmentally sound, and an economitaigrable method for

industries.

2.8. PROPERTIES OF POLYMER CLAY NANOCOMPOSITES
Nanocomposites consisting of a polymer and clay (modiftatt frequently exhibit
remarkably improved mechanical and physical properties\wbepared to those of
pristine polymers. Improvement includes higher modulus, ase@ strength and heat
resistance, decreased gas permeability and flammabilagd increased
biodegradability of biodegradable polymers. The main redsorthese improved
properties in nanocomposites is the stronger interfadeaation between the matrix

and silicate layers of clay, compared to conventiahat-feinforced systems. Toyota
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researchers [36] have reported that delaminated clayy nanocomposites show
dramatic improvements in tensile properties. Lan andaRma [61] have reported
more than a ten-fold increase in strength and modulagubbery epoxy matrix with
only 15 wt.% (7.5 vol %) of delaminated organoclay. Thisrsreview of the tensile
properties of clay-polymer nanocomposite suggests that theorparice of
nanocomposites is related to the degree of delaminatitimeoclay in the polymer
matrix that increases the interaction between the lalgrs and the polymer. Shi et
al. [62] proposed interfacial effects where the directdinig (adsorption) of the
polymer to the clay layers would be the dominant factésuki et al. [63] also
suggested that the strong ionic interaction between polyaéided silicate layers
could generate some crystallinity at the interfacelaming part of the reinforcement
effect. Kojima et al. [64] described a concept, where thpravement of tensile
modulus in clay-nylon 6 nanocomposites was due to the preseremfstrained
region where the polymer chains have a restricted mpliidrnes et al. [65] reported
that the modulus of the nylon 6 is increased much mordlyapy addition of clay
than by glass fibers. Specifically, doubling the modulus requapproximately 6.5
per cent by weight of clay whereas the amount of glassdirequired to achieve this
value is almost three times. Such mechanical propenpyovwement has resulted in
use of nanocomposite materials in numerous applications sueutamotive and
general / industrial applications. Clays are believed teas® the barrier properties
by creating a tortuous path (Fig. 2.6) that retards tbgrpss of the gas molecules
through the polymer matrix. The direct benefit of the fation of such a path is
clearly observed in clay-polyimide nanocomposites froen dramatically improved
barrier properties with a simultaneous decrease in thengheexpansion coefficient

[66-68]. The clay-polyimide nanocomposites with a smalttion of OMC exhibited
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reduction in the permeability of small gases, e £.HXO, He, CQ, and ethyl acetate
vapors [67]. For example, at 2 wt.% clay loading, the pabrlity coefficient of
water vapor had decreased ten-fold with synthetic matzive to pristine polyimide.
By comparing nanocomposites made with clays having w&lip&atelets of various
aspect ratios, the permeability was seen to decreiisénareasing aspect ratio. Such
excellent barrier characteristics have resulted in iderable interest in nanoclay

composites in food packaging applications.

shns ===

‘-' h v v »

Unfilled Polymer Inorganic clay filled Composite Hanocomposites

Fig. 2.6  Schematic of mass flow in (a) pure polyrfi@rjnorganic clay
filled composites and (c) nanocomposites structures [67].

Specific examples include packaging for processed meatgseh confectionery,
cereals and boil-in-the-bag foods [69], extrusion-coating e@idins in association
with paperboard for fruit juice and dairy products, andrbaed carbonated drinks
bottles manufactured by co-extrusion process [9]. The afsenanocomposite
formulations would be expected to enhance the shelf lifsiderably of many types
of food [70].

Honeywell [9] have also been active in developing a coatbactive/passive oxygen
barrier system from nylon 6 materials. Passive bact@racteristics are provided by
nanoclay particles incorporated through melt processiignigues whilst the active
contribution comes from an oxygen-scavenging ingredient.g@xytransmission
results reveal substantial benefits provided by nanoclayrporation in comparison

to the base polymer (approximately 15-20% of the bulk polyraue). The
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increased torturosity provided by the nanoclay partidssmially slows transmission
of oxygen through the composite and drives molecules toathige scavenging
species resulting in near zero oxygen transmissiondonaiderable period of time.

In 1976 Unitika Ltd in Japan, first presented the potefiiale retardant properties of
clay-nylon nanocomposites [71]. In 1997 Gilman et [@l] reported detailed
investigations on flame retardant properties of clapgm@ nanocomposite and
subsequently they chose various types of nanocomposite massdafeund similar
reductions in flammability [24]. Recently, Gilman reveivthe flame retardant
properties of nanocomposites in detail [22]. Accordindheoduthors, the MMT must
be nanodispersed to affect the flammability of the namposites, however, the clay
need not be completely delaminated. In general, the fleaterdant mechanism
involves the formation of a high-performance carbonacsdigste char, which
builds up on the surface during burning. This insulates the lymdgmaterial and
slows the mass loss rate of decomposition products.

Heat distortion temperature (HDT) of a polymeric mateis an index of heat
resistance towards applied load. Most of the nanocomepstidies report HDT as a
function of clay content, characterized by the procedyiven in ASTM D-648.
Kojima et al. [64] first showed that the HDT of purglon increases up to 90.8°C
after nanocomposite preparation with OMC. Further workiexd by them on nylon
6/montmorillonite (MMT) nanocomposites reports the influenfeclay content on
HDT. In nylon 6/MMT nanocomposites, there is a markedease in HDT from
65.8°C for the neat nylon 6 to 152.8°C for 4.7 wt.% nangosite. HDT also
depends on the aspect ratio of dispersed clay particl¢sTbBd nano-dispersion of
MMT in the polypropylene matrix [72] and polylactic acid [78so increased the

HDT.
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Although silicate layers are microns in lateral sittesy are just 1 nm thick. Thus,
when single layers are dispersed in a polymer matrexrésulting nanocomposite is
optically clear in visible light. Traditional compositésnd to be largely opaque
because of light scattering by the particles or fibenbexlded within the continuous
phase. In nanocomposites, the domain sizes are reducedet@l such that true

“molecular composites” are formed. As a result af tintimate mixing, these

composites are often highly transparent, a propertgiwrenders them amenable to

applications outside the boundaries of traditional composites/p]

29. MATRIX MATERIAL FOR NANOCOMPOSITES

Nylon 6 was the first matrix material used for the pamation of clay polymer
nanocomposites by Toyota researchers [36]. Findings pbtdaesearchers made it
possible to produce clay-polymer nanocomposites based on béraroplastic and
thermoset polymer systems. The thermoplastics include nylonyetpglene
terepthalate, polyethylene (high density & low densipylypropylene, polyvinyl
chloride, polyetheretherketone, thermoplastic polyurethetoe,The commonly used
thermoset polymers for nanocomposite preparation are unsaktyalyester resins,

epoxy resins, polyurethane, urea formaldehyde, silicotes, e

2.10. POLYPROPYLENE

Polyolefins are responsible for the production of approxim& billion kilograms
of thermoplastic per year or about 50% of the total wadd polymer industry
production. Polypropylene (PP) accounts for approximately 2ii%polyolefin

production or 34 billion kilograms per year production. Theef@olypropylene is
one of the most widely used thermoplastics, not only becausts difalance of

physical and mechanical properties, but also due to itscgrmental friendliness
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such as recyclability and low cost [76]. Polypropyléras an excellent combination
of low density, high stiffness and toughness and heatrticstotemperature above
100°C which provides it with an extraordinary versatilif properties and
applications. Polypropylene is used in several applinatisuch as automotive
components, laboratory equipment, plastic parts, foockgmaeg, textiles, and
reusable containers. PP has good tensile strength, a superiing temperature but
lower impact strength compared to other low or higmsdg thermoplastics.
Polypropylene possesses excellent resistance to orgalvients, degreasing agents
and electrolytic attack. It is light in weight, rdsist to staining, and has a low
moisture absorption rate. PP is a tough, heat-resisiad semi-rigid material, ideal
for the transfer of hot liquids or gases. PP is thegefised in vacuum systems where
higher heats and pressures are encountered. It alsoxbelert acid and alkali
resistance. Polypropylene can be easily fabricated t&ihgas welded, spin welded,
fusion & butt welded. PP can also be machined with wooohetal working tools,
vacuum formed or ultra-sonic sealed. Innovative catayst process technologies
have significantly simplified its production, resultilgthe minimization of catalyst
residues, waxy byproducts and low stereoregularity compsnbptthe use of high
activity and highly stereoselective catalysts, sucltZiagler-Natta and metallocene

catalysts.

211 PHYSICAL AND CHEMICAL PROPERTIES OF POLYPROPYLENE

Most commercial polypropylene has a level of crystajlimtermediate between that
of low density polyethylene (LDPE) and high density pdiy&ne (HDPE).
Polypropylenes Young's modulus is also intermediate. Althaughless tough and

flexible than LDPE, it is much less brittle than HDPFHis allows polypropylene to
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be used as a replacement for engineering plastics, asicdcrylonitrile butadiene
styrene (ABS). Polypropylene is rigid, stiffer and sea@ably economical. It can be
made translucent when uncolored but not completely trandpasepolystyrene or
acrylic. It can also be made opaque and/or have many &frsors. Polypropylene
has very good resistance to fatigue, so that most plagtig hinges, such as those on
flip-top bottles, are made from this material. Verintsheets of polypropylene are
used as a dielectric within certain high performanceegahd low loss RF capacitors.
Polypropylene has a melting point of 160 °C (320 °F). Malagtic items for medical
or laboratory use can be made from polypropylene whiahtsclavable so that it can
withstand the heat in an autoclave. Food containers maaheitfwill not melt in the
dishwasher, and do not melt during industrial hot filling preessFor this reason,
most plastic tubs for dairy products are polypropylendedewith aluminum foil
(both heat-resistant materials). After the productduaded, the tubs are often given
lids of a cheaper (and less heat-resistant) mateuieth 8s LDPE or polystyrene. Such
containers provide a good hands-on example of the differenc®dulus, since the
rubbery (softer, more flexible) feeling of LDPE withspect to PP of the same
thickness is readily apparent. Rugged, translucent, rieugkstic containers made in
a wide variety of shapes and sizes for consumers fromwsaacompanies such as
Rubbermaid and Sterilite are commonly made of polypropylaitiough the lids are
often made of somewhat more flexible LDPE so theysrap on to the container to
close it. When liquid, powdered, or similar consumer pralgoime in disposable
plastic bottles which do not need the improved propertiepotypropylene, the
containers are often made of slightly more economical gtioj§ene, although
transparent plastics such as polyethylene terephghatat also used for appearance.

Plastic pails, car batteries, wastebaskets, coaetamers, dishes and pitchers are
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often made of polypropylene or HDPE, both of which camiy have rather similar
appearance, feel, and properties at ambient temperatiie (Melt Flow Index)
identifies the flow speed of the raw material in the psgsc It helps to fill the plastic
mold during the production process. The higher the MFI incsctheeweaker the raw
material becomes. It also has Copolymer and Random Copol@apolymer helps
stiffness of the PP (Polypropylene). Random Copolymershéipnsparent look.
Copolymer is more expensive than Homopolypropylene. Randgmol@ner is even
higher than copolymer PP. A rubbery PP can also be madsjsgcalized synthesis
process, as discussed below. Unlike traditional rubbeantbe melted and recycled,

making it a thermoplastic elastomer.

2.12. STRUCTURE AND POLYMERIZATION OF POLYPROPYLENE

Structurally, PP is a vinyl polymer, and is similarpolyethylene, with the variation
that other carbon atoms in the backbone chain has a mgtbyp attachment.
Polypropylene can be made from the monomer propylene BgletiNatta

polymerization and by metallocene catalysis polymerization

H H Zieglar MNatia HH
;| / polymerization |
C=C - O
; n
H \"E]_[ or metallocene 1 |1
3 cataly=sis H CH;
propylene polypropylene

Fig. 2.7: Synthesis of PP using polymerization metallecen
catalysis Ziegler-Natta polymerization [77].

Research is being conducted on using metallocene catalygmey@ation to

synthesize polypropylene. Polypropylene may be synthesw@t different
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tacticities. Most polypropylene that is currently usedsgstactic. This indicates that

all the methyl groups are on the same side of the chain.

CH:—(FH—CH;—(EH—CH:—(FH—CHg—(le—CHg—tle%
CH; CH; CH; CH; CH;

isotactic polypropylene
Fig. 2.8: Structure of Isotactic PP chain [77].
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Fig. 2.9: Isotactic polymer PP network [77].
In other processestactic polypropylene is useditactic PP shows the methyl groups

are placed randomly on both sides of the chain.

(|3H3 tllHa
MW—CHE—(FH—CHE—CH—CHE—(FH —CHE—?H—CHE—CH%
CH; CH; CH;

atactic polypropylene
Fig. 2.10: Structure of Atactic PP [77].
However, by using special metallocene catalysts, a polyhatrcontains blocks of
isotactic polypropylene and blocks of atactic polypropylemghe same polymer

chain may be synthesized.
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isotactic block

atactic block SN

Fig. 2.11: PP polymer chain consisting of isotactic aadte structures [77].

This polymer is rubbery, and makes a good elastomer. THigeiso the formation of
crystals from the isotactic blocks. The isotactic bloatesjoined to the atactic blocks,
the little hard clumps of crystalline isotactic polyprtgme are joined together by soft
rubbery tethers of atactic polypropylene. Atactic polyplepy would be rubbery
without the assistance from the isotactic blocks, but itldvdube very strong. The
hard isotactic blocks hold the rubbery isotactic matéoigéther, to give the material
more strength. Most kinds of rubber have to be crosslinkgudvide strength, but
not polypropylene elastomers. Elastomeric polypropylenthisgopolymer is called,
is a kind of thermoplastic elastomer. However, until tagearch is completed, this

type of polypropylene will not be commercially available

2.13 PROGRESS IN CLAY-POLYPROPYLENE NANOCOMPOSITES
Polypropylene however has some drawbacks. Minimahgtheand stiffness, low
service temperature and weak barrier properties does not podjkeropylene the
most ideal thermoplastic to use. To overcome these pnsblgaditional filler
materials such as talc and mica have been infusedh@t®R structure. Although the
fillers increased the strength and stiffness, it reduttee impact properties and
recyclability. The use of layered silicate materiafsthe other hand minimises these

property trade-offs to some extent but the compatbditthe MMT nanoclays and
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PP polymer matrix needs to be improved. Recent advancesolymer clay
nanocomposites have yielded two major methods to increaseotmgatibility
between the MMT nanoclays and PP matrix. These are impsltumerisation and
melt intercalation [77]. In the in situ polymerisatiomethod, the clay is used as a
catalyst carrier. The propylene monomer intercalatestime interlayer space of the
clay and then polymerizes there. The macromoleculenshexfoliate the silicate
layers evenly dispersing them in the polymer matrix. érttelt intercalation method,
PP and nanoclays are compounded in the melt to form nanocoesposg the
hydrophilic clay is incompatible with polypropylene, conipidisation between the
clay and PP is necessary to form stable PP nanocompdsitesan be achieved via
two synthetic routes. In the first route, the clay caomiganically modified by the use
of a semi-fluorinated surfactant. If the semi-flmated surfactant is used judiciously
the resulting organoclay will promote PP/clay miscipiéffectively [78]. The second
route is to use a compatibiliser, such as maleic andg/@rafted PP (PP-MAH) [79,
80]. The clay is melt compounded with the more polar compiagbito form an
intercalated master batch. The master batch is theyppa@aonded with the neat PP to
form the PP nanocomposite. In this way, the PP-MAHreaded OMMT is dispersed

uniformly in the PP matrix.

Manias et al. [78] achieved clay polypropylene nanocompémsiteation in different
ways either by using functionalised polypropylenes and comnoogano-
montmorillonites, or by using neat/unmodified polypropylene arstmifluorinated
organic modification for silicates. These hybrids canfdrened by solventless melt
intercalation or extrusion technique. These techniques resualtdte formation of
nanocomposites coexisting with intercalated and exfoliatedctares. These

nanocomposites show significant improvement in tensilepgiies, thermal
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properties (heat deflection temperature, flame retardarmafyier properties and
scratch resistance when the clay content is less tidn%%.

Lei et al. [81] reported the effect of clay chemistrypsacessing and properties of the
polypropylene nanocomposites. They produced the nanocompositgsdiféament
montmorillonite clays like Southern Clays cloisite N&aAW, 15A, 20A, 30B, and
NANOCOR 130E, 131PS. They found that addition of nanoclay ipdhgropylene
shows improvement in crystallization temperature inthgathe nucleating effect of
the nanoclays in the crystallization of PP. The exterdrgdtallization temperature
(T¢), varied slightly with the types of clay. However dre tother hand the melting
temperature of the polypropylene decreases on additiorgahoclay. They reported
that the introduction of low molecular weight surface rieds in the clays leads to
the decrease in melting temperature. The addition of nan@dt® shows better
improvement in storage modulus and softening temperature.

Bertini et al. [82] reported that the maleic anhydritafted PP (PP-MAH) infused
with montmorillonite nanoclays showed widespread exfaliadguctures than the
isotactic polypropylene homopolymers. The thermal stabilitP-MAH improved
in air temperature due the physical barrier effect of diieate layers. They also
reported that the degree of exfoliation plays an importatin improvement of PP
barrier properties.

Ding et al. [83] produced clay polypropylene nanocomposisgsguhighly effective
PP solid phase graft as compatibiliser and they repadtiatl the property of
polypropylene was maintained as very low amount of ppt gra$ used. They also
reported that, addition of organo-montmorillonite (OMMIgnificantly improves the

impact strength and thermal stability of PP charazterby the initial decomposition
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temperature. They also showed that crystallization temye of PP increased
significantly with the infusion of nanoclays.

Peter et al. [84] used octodecylamine treated montmomid and PP-g-maleic
anhydride compatibiliser to produce clay-polypropylenaosamposites by in-situ
intercalation technique. They reported that the morphologyhef samples after
extrusion was not stable and they also reported that angehé samples at 220 °C
for 200 minutes leads to further exfoliation and self ekdy into skeleton structure
of layered silicate at the same time. That is the mhbértreatment of the
nanocomposite samples during processing has the tendencgnatidally change
the morphology of nanocomposites.

Qin et al. [85] produced clay polypropylene nanocompositegyusielt processing
technique. They reported that addition of organo-modified MMTianocomposites
causes a ceramic like compact char during combustioranesthis is an important
factor for flame retardancy of polymer/layered sitee composites. The addition of
MMT also increases the decomposition temperature of iRl. teported that the
improvement was not only due to the barrier effects oMMIT and also due to the
physico-chemical adsorption of the volatile degradati@aycts on the silicates.
Galgali et al. [86] used a micromechanical model tedjmt the effect of clay
orientation on the tensile modulus PP-cloisite 20A nanoconggodihey found that
the model predicted the values of the modulus semi-quavgitatand can thus
provide a reasonable engineering estimate for the modulymlger nanoclay
composites from independently measured orientation oflélye c

In this study we wish to enhance the mechanical propetipslypropylene. We aim
to infuse low weight percentages of organically modifidMT nanoclays

(Cloisite®15A) into a polypropylene thermoplastic by makending. In contrast to
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other organoclays used presently the use of Closite®l&#®atays will provide

increased compatibility between the MMT layered siisaand PP polymer matrix.
This increased compatibility will result in the syrdise of polymer and layered
silicate composite structures with at least one dinoenisi the nanoscale. This in turn
will result in polypropylene having improved properties Verify this, the nano-

infused PP structures have been subjected to quasi-steahanical tests to
determine any improvement in properties. TEM studiesuaesl to characterise the
morphology of the nanocomposite structures while SEM willubed to complete
fracture surface analysis. We present this work onntbephology and mechanical
properties of the polypropylene-closite®15A interface in atempt to better

understand the unique behaviour of polymer nanocomposites.

2.14 TRIBOLOGICAL PROPERTIES OF NANOCOMPOSITE

Chang et al [87] investigated the tribological performances of epoxgebda
composites, filled with short carbon fibre, graphite, patgfuroethylene (PTFE),
and nano-TiQin different proportions and combinations. They examined dtteqms
of coefficient of friction (C.O.F), wear resistangeldemperature generated at contact
point by a pin-on-disc apparatus in a dry sliding conditioder different contact
pressures, and sliding velocities. They have reportedthieaaddition of nano-Ti©
could apparently reduce the frictional coefficient, and cquesetly reduce the contact
temperature of fiber-reinforced epoxy composites. Tharwesistance of the
composites was significantly high, especially at exi wear conditions, i.e. high
contact pressures and sliding velocities. They have repont the reduction in
C.O.F might be due to the nanoscale polishing effect.|&irabservation has been

reported by Zhang et .aJ88]. Zhang et al[89] have also reported that, with the
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appropriate size, hardness, and volume content, the nactgsatbuld polish the
counterpart surface to a very fine scale and resultseduction of frictional
coefficient and the related shear stress. Chang E7dlsuggested that the nano and
micro scale rolling effect under certain wear conditions c¢@l$o reduce both the
frictional coefficient and the wear rate considerably.

Wang et al. [90] investigated the friction and wear progerof nanometer SO
filled-polyetheretherketone (PEEK) composite blocks by runniptaia carbon steel
(AISI 1045 steel) ring against the composite block. They haperted that the
nanometer Si@ filled-PEEK exhibited considerably lower friction cdefént and
wear rate in comparison with pure PEEK. The lowest watarwas obtained with the
composite containing 7.5 wt. % SIOThey have also reported that the friction
coefficient decreases with increase in load for naneme&iQ filled-PEEK
composite. The formation of thin, uniform and tenaciowmndfer film on the
counterpart steel surface during the friction process totés in decreasing friction
coefficient and wear rate of the filled PEEK composites

Wang et al [91] investigated the wear tracks and found that pluckedpémaghed
marks appeared on the wear surface of pure PEEK arfithgoof wear scar is found
on nano ZrQ filled PEEK. They have reported that, the improveman the
tribological behavior of nanometer Zr@lled PEEK composite is closely related to
the improved characteristics of the worn surfaces.

Wang et al [92] investigated the friction and wear behavior of PEHEIEd with
nanometer SiC. They have reported that the nanomefeh& effectively reduced
the friction coefficient of the PEEK and also reportedt 2.5 wt.% SiC to 10 wt.%
SiC has effectively reduced the wear of the PEEK. Rernanometer SiC filled

PEEK, a thin tenacious transfer film is formed on ttezIscounter face. They have
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also reported that the incorporated nano SiC act asclaiér, and also increases the
adhesive strength of the transfer film through chemigattion with steel substrate,
and thereby avoids the direct contact of SiC filled REEith the counter face
resulting in improved wear resistance. They have agpmrted that at high SiC
content (>10 wt.%) the friction coefficient is increased doethe weakening of
transfer film.

Wang et al [93] investigated the wear properties of nanometeiN.Sifilled
polyetheretherketone (PEEK) composite blocks with differidldr proportions,
prepared by compression molding. Their friction and waaperties under distilled
water lubrication, as well as under ambient dry conditiomsie investigated by
running a plain carbon steel (AISI 1045 steel) ring agdimesPEEK composite block.
They have reported that the distilled water medium haghtalown the C.O.F of the
filled composite with large reduction in wear resistanod ghe dominant wear
mechanism of the filled PEEK was severe abrasiver wéth surface fracture.

Sawyer et al[94] investigated the effect of nano.®k on the friction and wear
properties of polytetrafluroethylene (PTFE). They haymorted that the nano A
particle addition has increased the wear resistance By.80has increased the wear
resistance monotonically and also no optimum weight traaif Al,O; was found.

The sliding wear performance of epoxy composites filath nano-sized AlO;
particles was investigated by Shi et [@5]. They have reported that the frictional
coefficient and wear rate of epoxy can be reduced at riatvezoncentration of nano-
Al 03, and also reported that the pretreatment by silane iogugdent also favors the

improvement in wear resistance properties.
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From the detailed literature survey, it was found thet incorporation of nano
particles has improved the wear resistance and frico&fficient of polymer matrix
tremendously. Polypropylene-nanoclay nanocomposites findcagiph in various
fields, and so it will be useful if detailed work is coneutton the tribological

properties of polypropylene-nanoclay nanocomposites.

2.15 MOTIVATION

The infusion of nanoclays into the polymer matrices efrtioplastics and thermosets
have improved the polymers mechanically and thermalhyh vncreased barrier

properties. Therefore, the motivation of this work is tddvainderstand the influence
that organo-modified clays has on the physical propemidsrarphological structure

of polypropylene on both micro and nano level.

2.16 SCOPE OF THE WORK

Extensive research is in progression to find lighter mesewith higher strength,

greater stiffness, better reliability and recyclapiliThis demand had led to the
development of a new class of materials called polatesr nanocomposites. These
nanocomposite materials offer a combination of highength, and modulus better
than many of conventionally filled composites. Low st and stiffness, low

service temperature and weak barrier properties does not podkaropylene the

most ideal thermoplastic to use. Hence, the use of nanoctenpusterials offers a

high strength-to-weight ratio, as well as high modubss+eight ratio render these
materials superior to conventional composite materslsianoclay loading levels of
2—7 wt%, they offer similar performance to conventigoalmeric composites with

30-50 wt% of reinforcing material. The high filler loading the latter materials

causes undesirable increase of density, hence heavy gecteased melt flow and
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increased brittleness. The classical composites are opdatiueften poor surface
finish. These problems are absent in polymer nanocompo$R8IC). Current
consumption of PNC is but a few Kton per annum, to increg2909 to 500 Ktonly.
Cost differential between the neat polypropylene matrik i PNC is about 10%.
Polymer nanocomposites main market is in the transportsines, with growing
demand for packaging, appliances, building & constructiontradat & electronic,

lawn & garden, power tools, etc. Their advantages ranga fenhancement of
mechanical performance, to reduction of permeability #aehmability, improved

optical properties, modified magnetic, electric or kglanhsmitting performance,

biocompatibility and thermochromic effects.

2.17 OBJECTIVES OF THE WORK

1. To prepare polypropylene nanocomposites by infusing lowhwegiercentages
of organically modified MMT nanoclays (Cloisite®15A) indopolypropylene
thermoplastic by melt blending. These organoclays (Closite®i&oclays)
will provide increased compatibility between the MMT degd silicates and
PP polymer matrix.

2. To study mechanical, thermal and physical properties ginviand infused
polypropylene structures.

3. To study the influence of organoclay on the tribologipabperties of

polypropylene nanocomposites.
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CHAPTER 3

EXPERIMENTAL METHODS

3.1. INTRODUCTION
This section deals with the procedures used in the systlodspolypropylene
nanocomposites. Further discussions involve the variousaneet test methods and

morphological analysis performed on the virgin and nanocomEstamens.

3.2. MATERIALS

3.2.1 Polypropylene

Polypropylene used as the polymer matrix was obtained fsoMurban based
company CHEMPRO, in South Africa. The manufacturera d@at COSMOPLENE
polypropylene is given in table 3.1,

Table 3.1: Properties of COSMOPLER¥LO1E POLYPROPYLENE

ITEM UNIT Y101E ASTM
METHOD
Melt Flow Rate g/10 mins 17 D1238
Density g/cm 0.90 D1505
Tensile Strength at break kg/tm 350 D638
Elongation % >600 D638
Flexural Modulus kg/cm 14,000 D790
Izod Impact strength kg-cm/cm 2.0 D256
Melting Point °C 165 N/A

3.2.2 Nanoclays

The nanoclay material, Closite 15A were obtained from BE@ERN CLAYS
PRODUCTS, a company based in the United States ofridaeCloisite 15A is a
natural montmorillonite modified with a quaternary amimamnsalt which is off white
in colour.

The typical properties of Cloisite 15A is given in taBlg,
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Table 3.2: Properties of Cloisite®15A

% Weight
Treatment/Properties: Organic Modifier % Loss on
Modifier Concentration Moisture Ignition
2M2HT
. dimethyl
Cloisite® 15A ' 125
dehydrogenated meq/100g < 204 43%
tallow,
clay
quaternary
ammonium

Hydrogenated Tallow (~65% C18; ~30% C16; ~5% C14), Hhasws below,

CH,
|

CH, - N—HT

I
HT

Fig 3.1: Organic structure of Hydrogenated Tallow

The typical dry size properties of Cloisite 15A is giwemable 3.3(microns, by

volume),

Table 3.3: Cloisite®15A dry particle sizes

10% less than

50% less than

90% less than

2um

6um

13um

The density of Cloisite 15A is given in table 3.4,

Table 3.4: Density of Cloisite®15A

Loose Bulk, kg/m

Packed Bulk, kg/m

Density, g/cmi

172.84

298.58

1.66
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3.3 PROCESSING TECHNIQUES

3.3.1 Melt Blending Technique

Nanophased thermoplastic composite structures were prapareflision of Cloisite
15A nanoclays into a polypropylene matrix using a mechbme# blending method.
Polypropylene (PP) pellets were heated to its melpé&zature in a LABCON HTR2

environmental chamber.

Fig. 3.2: LABCON HTR2 environmental chamber
To avoid thermal shock, the temperature was ramped 10°Gbniam maximum
temperature of 170°C. Upon reaching the desired temper#tarmaterial was left in
the oven at the set temperature to effect temperataang). The temperature was
measured using a (TESTO QTA25-T4 PYROMETER) probe WwghltACON HTR2
digital display. The plastic surface and chamber teatpex was measured accurately
within a = 2°C range thus allowing successful contrdkaiperature ramping.
3.3.2 Screw Extrusion
Single screw extrusion is one of the core operations impaEiyprocessing. The main
objective of a single screw extrusion process is to lpriddsure in the polypropylene
polymer melt so that it can be extruded through a diengcted into a mould.
Extruders are plasticating machines that convert polywlalss in pellet or powder

form, into molten material as well as building pressurhe REIFFENHAEUSER
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screw was used for processing virgin polypropylene panbésextruder has a 40 mm
single rotating screw with a length / diameter rdtitD) of 24 and driven by a 7.5
kW motor. The extrusion temperature profile was set tceam® to 200 °C to melt
virgin PP pellets fed to the single barrel from a stamigteel hopper. The molten PP
polymer was then injected into an aluminium mould and aa®om temperature.
3.3.3 Moulds

Virgin and nanophased PP structures were obtained by gadlsénmolten polymer.
The molten polymer was placed into an aluminium mouldth ditnensions, 275 x175

x 10 mm, allowing it to set at room temperature.

(b)

Fig 3.3: (a) Casting of virgin and nano-infused polymeraluminium mould.
(b) Cured panel of polypropylene infused with cloidifA nanoclay.
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34 SPECIMEN PREPARATION

3.4.1 Preparation of virgin and PP nano-infused sp@&oens

A very viscous homogenous molten plastic at melt temperatas removed from the
environmental chamber and cooled at room temperature to dowirgin panel. A
similar technique was employed to manufacture the nanoplsasetures except the
temperature was ramped at 10°C/min to a maximum temperaiti 185°C.
Cloisite®15A nanoclays measured in specific weight peaggs 0.5 wt. %; 1 wt. %;
2wt. %; 3 wt. % and 5 wt. %; were added to separatehbatof the molten plastic.
The mixtures were vigorously blended using a paddle stioreapproximately 3
minutes, then cast in moulds and allowed to cure at rieomperature. Test coupons

were cut from these panels of dimensions, 125 x 13 X 6 mm

P! Wy Rropslene 14
Bim . I

{5 G U
Cl.15 A

Cl. A ‘
ll l I
PP 57

CLISy

Fig. 3.4: Polypropylene cloisite 15A nanocomposite testispns
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3.5. CHARACTERIZATION

3.5.1 X-ray Diffraction (XRD)

X —Ray diffraction patterns were obtained using a Phiky81050 diffractometer
using monochromated Coékradiation. § = 0.1788965 nm, 40 kV, 120 mA) at room
temperature. The diffractrograms were scanned from t@ 80° (®) in steps of 0.02°
using a scanning rate of 0.5°/min. X-ray diffractogranese taken on closite 15A
clay and polypropylene composites containing 0.5, 1, 2, 35and.% closite 15A
nanoclay to confirm the formation of nanocomposites on adddfoorgano clay.
Molten virgin PP and the molten PP nanocomposites strsctugee allowed to cure

at room temperature in the slide templates shown imeigu.

Fig. 3.5: XRD specimens

3.5.2 Transmission Electron Microscopy (TEM)

Polypropylene nanocomposites were analyzed by transmigdectron microscopy
(TEM) in an effort to characterize the nanoscale dispersf the layered silicate.
Microscopic investigation of selected nanocomposite spnat the various weight
compositions were conducted using a Philips CM120 BioTWINstrassion electron

microscope with a 20 to 120 kV operating voltage. The cryol@anddose imaging
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TEM has BioTWIN objective lens that gives high contraistl a resolution of 0.34
nm. The microscope is equipped with an energy filter imagystes (Gatan GIF
100) and digital multiscan CCD cameras (Gatan 791). Therspasiwere prepared
using a LKB/Wallac Type 8801 Ultramicrotome with Ultrateriil 8802A Control

Unit. Ultra thin transverse sections, approximately 80-I@0mthickness were sliced
at room temperature using a diamond knife. The sectiare wupported by 100

copper mesh grids sputter-coated with 3 nm thick carbom. laye

3.6. QUASI-STATIC MECHANICAL TESTS
All of the following quasi static tests were performed a minimum of five

specimens per test.

3.6.1 Tensile Tests

Tensile tests were performed on virgin PP and the nanocomppsiimens using the
LLOYDS Tensile Tester fitted with a 20 kN load cellThe tensile tests were
performed at a crosshead speed of 1 mm/min in accardaitic the ASTM D3039

standard [96].

3.6.2 Flexural Tests

The flexural tests were used to find the flexural moduhgs sarength of pristine PP
and nano-infused PP specimens. Flexural tests werermexd on specimens with
dimensions 125 x 13 x 6 mm using a three point bend fixture avgpan length of

100 mm. The LLOYDS tensile testing machine was used avitosshead speed of 1

mm/min to conduct the tests according to the ASTM D790nigstiandard.
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3.6.3 Vickers Hardness Tests

The Vickers hardness of the virgin and nano-infused polypeopyspecimens was
determined using a Matsuzawa DMH2 micro-hardness teSpecimens of
dimension 14 x12 x 6 mm were indented with a 100 gf lodiveéndifferent sections
for a period of 5 seconds. The diagonals of each indentatoe measured and the

Vickers hardness was automatically computed and readligiital display.

3.6.4 Impact Testing

The impact tests was used to find the energy absorbedgdtive fracture of a

specimen when subjected to very rapid (impact) loadngactt tests were performed
on the specimens with dimensions, 40 x 13 x 6 mm using a Iseatd Izod impact

tester. These specimens were tested according to ASA98 testing standard [97] to

determine the impact strength.

3.6.5 Compression Testing
Compression tests on the nanocomposite specimens wergnpfausing the
LLOYDS Tensile Tester fixed with a 20 kN load cell. Témmpression testing was

carried on specimens with dimensions of 15 X 8 X 8 mm.

3.6.6 Scanning Electron Microscopic Studies

Surface scanning studies were conducted using a Philips Eh8Bonmental SEM
with accelerating voltage 0.2 to 30 kV and magnification t€5500 000. The
microscope is equipped with a conventional filament emiggimngiving a beam spot
size of 20 nm and image resolution of 2 nm. Thin trarsgveections, approximately 2
to 7 mm in thickness were cut from selected speciméms.analysis was performed

on the fracture surface of tensile tested PP nanocomgosite
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3.6.7 Fracture Toughness

The stress intensity factoK () and the strain energy release ratég ) for neat and
nanocomposite specimens were determined by the single-edgh benhding
specimen (SENB) in Mode 1. A minimum of three specimease tested for each
weight category of the nano-infused structure. The ispts were prepared in
accordance with the ASTM D5045-93 testing standard. Spesinvith dimensions
125 x 25 x 6 mm were notched to a depth of 5 mm withraghiv blade and a grid
was plotted on the front view of the specimen to obst#reecrack propagation. The
LLOYDS tensile testing machine fixed with a 20 kN |cadl fitted with a three-point
bend fixture was used to conduct the tests. The criticdl (lwead at which fracture
occurs,Pc) was recorded for each specimen. The stress intefasityr K,c) was

determined as follows,

K = Bjcwf[%j (3.1)
where,
Kc = stress intensity factor (MP&:m
Pc = critical load (N)
B = thickness of specimen (m)
W = height of specimen (m)
fa/w) = correction factor

(2o St [100-2(1-2) 215- 304 @) 272V 1| a2
Emn e

where,
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S = span length of the specimen
a = notch depth
w = height of the specimen

The strain energy release rat€s:() was determined as follows,

K 2
G = E|c (3.3)
where,
Gec = critical strain energy release rate @/m

E = Youngs Modulus (GPa)

3.6.8 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was performechgghe dynamic mechanical
analyzer (TA DMA Q800) in the three point bendingda at a frequency of 10Hz
over the temperature range of -60 to 2@t a heating rate of€/min. The dynamic

mechanical analysis was conducted to determinestheage modulus of PP and
nanocomposite samples at cryogenic temperaturem reonperature and at high

temperatures and also the glass transition temperat

3.6.9 Tribological Testing

Wear tests on virgin and nano infused polypropykgrecimens was carried out
using locally fabricated tribometer according toTA$G-99 standard. The
tribometer consists of loading disk for load apgiion over square pins. The
dimension of the wear test pins is 8 mm square2@nam in length. The disc used
was brass of surface roughness 0.2 um. The weaofa®nventional composites,

and nanocomposites was determined at a constatatct@messure of 0.15 MPa
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and sliding velocity of 0.35 m/s for the sliding distard 3600 m. Wear tracks of

pins was observed using an optical microscope.
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CHAPTER 4

RESULTS AND DISCUSSION

41  X-RAY CHARACTERIZATION

The basal spacing or d-spacing may be determined using Bregggtion. This is the
distance between basal layers of the MMT molecule.

A
2 sinB (4.1)

XRD is used to calculate this interlayer d-spacihyj][ This may be used to describe
the dispersive nature of the layered silicate nanochafgn a polymer matrix [88].
Generally an increased spacing between the basal laefsa hydrophobic,
organophilic surface make it more likely for the polym®enter between the layers
of the clay [47]. The XRD pattern of closite 15A andypobpylene infused with 0.5,
1, 2, 3 and 5 wt. % closite 15A is shown in figure 4.he Graph shows a distinct
peak at B value of 3.3 and the corresponding initial intergallery spacing is 31.09 A.
During mixing, the polymer infuses and intercalates betwhe intergallery spacing
of layered silicates and makes the clay layers to napat. The disappearance of
peak indicates the separation of clay layers and theafaymof nanocomposites at
0.5 wt.% to 2 wt.% clay loadings. This is confirmég transmission electron
microscopic studies indicating that predominantly exfedatanoclay structures have
formed in 0.5 wt. % and 1 wt. % nanoclay polypropylene spatanPolypropylene

infused with 2 wt. % nanoclays has more intercalatag structures.
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Fig. 4.1: X-ray diffraction pattern of (a) closite 15Adgpolypropylene with
(b) 0.5 wt.% closite 15A, (c) 1 wt.% closite 15A, @vt.% closite 15A,
(e) 3 wt. % closite 15A and (f) 5 wt.% closite 15A.

4.2 TRANSMISSION ELECTRON MICROSCOPE (TEM) STUDIES

The formation of a nanocomposite involves the break-up asgleidion of the
agglomerated stacks of sheets followed by the swetlirtige gallery spacing between
the sheets by the polymer [98]. The structures are tlassitied by three indicators.
An intercalated nanocomposite structure is formed wheninterlayer spacing
between the platelets increases to at least 1.5 mmex#oliated structure is formed
when individual platelets dispersed in the matrix are se¢pdrby distances greater
than 8.8 nm and the platelets can be orientated jrigrshort stacks or tactoids [99].
An agglomerated clay structure is formed when no polymer gaestthe interlayer

spacing thus forming clustered platelets. These stestare micron sized patrticles
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reminiscent of conventional micro composite filler maer The following TEM
images show these various types of morphologies.
Figure 4.2 shows an image of a polypropylene structiftesed with 0.5 wt. % of

nanoclays.

Fig. 4.2: TEM image of PP infused with 0.5 wt. %naelays.
In this image various structures can be seen. Darkekestaarrangement of lines and
random lines are visible against the lighter backgrounds $hggests that mixed
morphologies of exfoliated and intercalated nanostructbea® been synthesised.
Even at this low weight loading of clay, the stiffeeand strength of virgin
polypropylene have increased by 60 % and 80 % respec{setyion 4.3.1). SEM
analysis at this loading shows good dispersion of clayhese structures (section
4.4). Figure 4.3 shows an image of a section of polyyene infused with 1 wt. % of

nanoclays.
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Fig 4.3: TEM image of PP infused with 1 wt. % nanoslay

Three types of structures may again be seen. Statkedactoids representative of
intercalated morphology, random clay platelets reptesga of exfoliated
morphology and large dark structures occurring amongst sbthe clay tactoids are
visible. Another finding is that the mixed morphologiesmércalated and exfoliated
structures are in close proximity of each other. Theecdess of these structures
suggests that the polymer matrix is becoming increasinginforced. This
phenomenon explains the increasing modulus and strength prapdéiies is
consistent with findings by Ding et al who stated thawaarcally modified MMT is
dispersed or intercalated in a PP matrix on the naresoaly confine segmental
movement of PP macromolecules. Also arrangements filese contribute to
reinforcement effects and improvement in flexural aadsile properties. [100].
Figure 4.4 shows an image generated by exploring eosexftpolypropylene infused

with 2 wt. % of nanoclays.
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Fig 4.4: TEM image of PP infused with 2 wt. % nanoslay
The image displays darker lines against the lighter petymackground section. The
lines show an ordered stacked arrangement with cledsliple interspaces. This
suggests the formation of a tactoid nanoclay structure.structure consists of 1 nm
thick platelets arranged in a stacked formation whieeeintterlayer space between
each platelet is occupied by chains of polymer molecl®esK Bharadwaj et al.
showed similar structures where this type of morphologystexi98]. Their
nanocomposite structures showed increases in tensilegtsireat low weight
percentage loadings of nanoclay. This arrangement piptételets can be associated
with that of an intercalated nanocomposite structurghtclay loading, maximum
enhancement in properties occurred. Figure 4.5 showisnage of polypropylene

infused with 3 wt. % of nanoclays.
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Fig. 4.5: TEM image of polypropylene infused with 3 Wb. nanoclays

A mixed morphology can be distinguished and is described hghdy stacked
intercalated structure with some resemblance toggfomerated clay tactoid. At this
clay loading there was a decrease in the mechanical pespbhowever the structure
still performed better than virgin PP. This may be attaduto the dual effect of
intercalation and agglomeration. Closer examination ofthgular dark structure in
figure 4.3 reveals the polymer has not been able to pe¢@dtre interlayer between
platelets. This particle is micron-sized and is vemnilsir to micro composite
structures formed by conventional filler silicates. gpat al. and Bharadwaj et al. both
suggested that these aggregated sites or agglomerations reggensible for
diminished properties and brittleness at high clay conagorts. In line with their
findings and the TEM images, we suspect that these stegatualy be responsible for
the degradation of mechanical properties at 3 wt. % awtl 56 clay loadings. The
decrease in properties is also consistent with findbyg¥i and Sastry [101]. They
stated at low density, most particles are isolatety therefore smaller clusters
dominate. At high density, however, particles are mikedyi to be interconnected and

thus larger clusters dominate [102]. The larger clusters al®wed increased

59



percolation probability at volume fractions larger thanghecolation threshold. This
verifies that larger clusters, described as clay agglateein this study, will form at
high volume fractions.

Figure 4.6 shows an image of polypropylene infused @ittt. % of nanoclays.

Fig. 4.6: TEM image of polypropylene infused with 5 %&. nanoclays.
This image represents sites that frequently occurrexbsthis section. Three distinct
morphologies are clearly visible. Region A shows areas wheangements of
stacked lines are prevalent. This indicates presencmtefcalated morphology.
Region B shows areas where darker lines or patches acealdé¢. These sites show
little penetration by the polymer into the interlayerutésg in agglomerated clay
sites. Region C shows the formation of a micro void duetatian or where micron
sized clay agglomerate fell away from the polymer $tmec during microtome
sectioning. Formation of micro voids and clay agglomeratag be the cause for

degraded mechanical properties at this clay loading.
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4.3 QUASISTATIC MECHANICAL TESTING

4.3.1. Tensile Tests

The tensile test data obtained was used to plot stess-curves for the various
nanocomposite structures. Figure 4.7 shows the averags-strain data computed

for virgin polypropylene specimens.
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Fig. 4.7: Stress versus strain for virgin polypropylene ispares loaded in tension.

The stress-strain response of neat polypropylene is shofigure 4.7 and is typical
of visco-elastic materials. Two distinct regions candeen. In region 1, up to
approximately 14 MPa the material displays an elasti@@eur, thereafter the graph
assumes a non-linear path noticeable in region 2 angitatyof a ductile response.
Elastic-plastic failure occurs upon reaching a strésgpproximately 23 MPa. The

specimens failed with a low audible snap and failues &lways within the gauge
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length. The fracture was clean with minimal fragmentaéind figure 4.8 represents a

comparative stress versus strain plot for virgin polypleps nano-infused

specimens.
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Fig. 4.8: Stress versus strain behaviour of pristine popyene and polypropylene
nanocomposites infused at various clay weight loadings.

Analysis of the slopes in the elastic region of thd plows an increase in gradient
with increasing clay content. The increase in gradiedicates an increase in the
material stiffness with an increase in nanoclay logdip to 2 wt. %. Nanocomposite
structures containing 3 wt. % and 5 wt. % clay conceaantratshowed slopes of lower
gradient than 0.5 wt. % specimens but were still stettfa® virgin specimens. This
suggests that the stiffness increased with increasiygcolacentration up to 2 wt. %
and then decreased for clay concentrations greater twarf2. Figure 4.9 shows the

elastic modulus and tensile strength as a function of clayeatation.
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Figure 4.9: Tensile Strength versus Modulus for Polypropy@oesite®15A
nanocomposite specimens as a function of clay concentration.

Both the tensile strength and the modulus increase in tandem 2iwto % clay

concentration, thereafter significant degradation occurs. aMeeage modulus and
tensile strength for 2 wt. % structures is approxitgat20 % and 130 % respectively

greater than neat polypropylene. These values peak at 23oGodulus and 68

MPa for tensile strength as per table 2,

Table 4.1: Tensile Properties of Polypropylene Cloisite®Nanocomposites

Modulus (GPa) Tensile strength (MPa)
Specimen|  wt. % Standard Standard
Average Deviation Average Deviation
PP-neat 0 1.0 0.021 26 0.502
PP 005 | 0.5 1.6 0.058 47 0.377
PPO1 1 1.9 0.053 60 0.655
PP02 2 2.3 0.044 68 0.803
PPO3 3 1.5 0.047 34 0.587
PPO5 5 1.4 0.022 22 0.595
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A sharp decrease subsequently occurs with 3 wt. % and % specimens dropping
to 1.5 GPa and 1.35 GPa respectively. A similar trentht® ultimate tensile strength
is shown in figure 3. These findings are consistenhdsd reported by Kojimet al.
whose research on polyamide nanocomposites showed stiffnessstiamdyth
increased by 100 % and 50 % respectively with low nanoclaynigadless than 4 wt.
%) [103, 104, 106]. Dingt al. suggests that the increased mechanical properties at
low concentration of nanoclays may be due to the uniforndyedtsed MMT tactoid
and intercalated structures [83]. The organically modifieT™ (OMMT) is
intercalated by the PP chains and confines the segmmat@ment of the PP macro-
molecules. As a result, the modulus of the PP nanocotapascreases with OMMT
loadings. A fraction of intercalated structure decesawith increasing nanoclay
content. At higher clay concentrations, aggregation of the tarsoanay occur
decreasing the tensile strength and modulus. Failuréaftd %, 1 wt. %, and 2 wt.
% nanocomposites specimens were very similar to virgigppopylene specimen.
Polypropylene nanocomposite specimens at 3 wt. % and 5 wdlagbloadings
shattered with loud snapping noises at failure whichuiggestive of a very brittle
failure. R. K. Bharadwagt al. [98] showed that the elastic modulus for polyester
nanocomposites significantly decreased for clay coragoiis greater than 2 wt. %.
The degradation is perhaps linked to the cross-linked bomdseasing with

increasing clay content causing the nanocomposite stradtul®come more brittle.

4.3.2. Flexural Tests
A minimum of three specimens per category were tested three point bend
configuration. Figure 4.10 represents the load-deflectaia for specimens tested in

flexure mode.
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Fig. 4.10: Flexural load versus deflection for virgin and
PP nanocomposite specimens.

The flexural properties of the nanophased structures ardéicagtly higher than its
neat counterpart. For example, at 0.5 wt % clay loadihg, flexural properties
increased by 60 %. Further clay loading does not signtficaffect the properties
and hence specimens with 1 wt. %, 2 wt. %, 3 wt. %d,%mt. % clay loadings have
similar stiffness. The stiffness gradually increasesnfl wt. % to 3 wt. % with a

decrease occurring for 5 wt. % specimens. This is shiovable 4.2.
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Table 4.2: Flexural Properties of Polypropylene Cle®it5A Nanocomposites

Modulus (GPa) Flexural strength (MPa)
Specimen wt. % Standard Standard
Average Deviation Average Deviation
PP-neat 0 1.5 0.028 51 1.803
PP 005 0.5 2.3 0.057 69 1.825
PP0O1 1 2.7 0.058 72 2.385
PP02 2 2.9 0.028 93 2.236
PP0O3 3 3 0.112 95 1.612
PP0O5 5 2.9 0.054 83 2.828

Flexural strength for nanocomposite specimens correspogdingkeased with
increasing clay content. PPO3CL15A specimens display tieesi strength values

(94.45 MPa), an increase of approximately 85 %.

4.3.3. Vickers Hardness and Notched Izod Impact Test

The hardness of the PP nanocomposites gradually increattesncreasing clay

content similar to the research conducted by Lletual. on epoxy based
nanocomposites (105). PPO5CL15A specimens displayed the langedhess

numbers averaging at 13.6. The increase in both hardness pact istrength for a

nanoclay loading up to 2 wt. % is by the formation of rceéated and exfoliated
nanoclay structures shown in the TEM analysis (FiguBe Bigure 4.3 and Figure
4.4).

Figure 4.11(a) and 4.11(b) shows an increase in bothtpact strength as well as

the Vickers hardness number up to 2 wt. % loading.
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Fig. 4.11: (a) Impact Strength for virgin and nano-infugelypropylene at various
clay loadings, (b) Vickers Hardness for virgin and nerfesed polypropylene at
various clay loadings.
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Thereafter the impact strength reduces while the hardnasbenucontinues to
increase. The impact strength decreased due to the formatiagglomerated clay
structures at 3 wt. % and 5 wt. % nanoclay loadings whieh visible in TEM
analysis (figure 4.5 and figure 4.6). Table 4.3 showsatlegage hardness and impact

strengths of the virgin and nano-infused polypropylene spes.

Table 4.3: Vickers hardness and Impact Properties@fvPP and nano infused PP

. Vickers Hardness (HV) Impact strength (kJ/nf)
Specimen wt. % Standard Standard
Average Deviation Average Deviation
PP-neat 0 7.6 0.990 43 1.512
PP 005 0.5 9.7 0.283 51 3.838
PP0O1 1 10.5 0.721 55 1.370
PP02 2 11.9 0.224 59 5.475
PP0O3 3 12.5 0.100 37 1.396
PP0O5 5 13.6 0.640 26 1.565

The exfoliated and intercalated clay platelets disperséhin the polypropylene
matrix, at 0.5 wt.%, 2 wt. % and 3 wt. %, acts aglcistoppers causing the crack to
follow a tortuous pathway through the matrix and alsooddss impact energy

resulting in high impact strengths

4.3.4. Compression testing
The compression stress-strain curves for the virgin popypene and polypropylene

nanocomposites are shown in Fig. 4.12,
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Fig. 4.12: Stress versus strain for Polypropylene-Gé#si5A nanocomposite
specimens loaded in Compression at room temperature)(25°C

Comparison of the slopes of the neat structure and nampasi structures in the
elastic region indicate an increase in gradient. This &as&ran slope suggests an
increase in the material stiffness with an increasgamoclay loading up to 5 wt. %.
This is suggestive of stiffness increasing with the iasireg clay concentration.

Figure 4.13 shows the compression modulus and compressngth as a function

of clay concentration.
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Fig. 4.13: Compression Strength versus Modulus for PolypeapyCloisite®15A
nanocomposite specimens as a function of clay concentratio®of.
The compression strength and modulus for virgin and infpesgbropylene is shown
in table 4.4.

Table 4.4: Compressive Properties of Polypropylenes@di5A Nanocomposites

Compressive strength
Specimen Wt % Modulus (GPa) (MPa)
Standard Standard
Average Deviation Average Deviation
PP-neat 0 1.1 0.064 44 1.208
PP 005 0.5 1.3 0.058 47 1.360
PP0O1 1 1.4 0.057 49 0.632
PP02 2 1.5 0.014 54 1.217
PP0O3 3 1.5 0.022 57 1.565
PP0O5 5 1.6 0.058 58 2.720

The addition of nanoclays has significantly increased maximum value of 30 %
and 45 % for compression strength and compression moduaisisectively. The
stiffness increases due to the formation of interedlaind exfoliated structures at 0.5
wt. % to 2 wt. % in the polypropylene matrix. The unifornstdibution of clay

tactoids, intercalated and exfoliated nanostructure corgsbunainly to the
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improvement in the compression properties of polypropylddeThe compressive
strength has progressively increased for 3 wt. % and .5%vtpolypropylene

nanocomposites due to the formation of agglomerated stescairthese loadings.
The nano clay is intercalated by the PP chains and certfieesegmental movement
of the PP macro-molecules. As a result, the commpessiodulus of the PP
nanocomposites increases with clay loadings. This iktebin the TEM analysis of

these structures (figure 4.5 and figure 4.6)

4.4. FRACTURE SURFACE ANALYSIS

Figure 4.14 shows the fractured surface of tensile degtgin polypropylene. The
surface shows a fairly homogenous polymer with minimigth stress zones. The high
stress zones, depicted by the lighter lines, were folloyetgnsile deformation of the

matrix.

o
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Fig. 4.14: SEM image of the fracture surface of tertesg¢ed virgin PP.
Figure 4.15 shows the fractured surface of polypropyiefiesed with 0.5 wt. %

nanoclays.
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Fig. 4.15: SEM image of the fracture surface of teriss¢ed
PP infused with 0.5 wt. % nanoclay

There is a distinct change in the fractured surfaterwcompared to virgin PP
sample. A network of lighter lines against the grey backgraumada larger ridge type
structure are visible. These structures show severaldtighs zones which indicate
the increased reinforcement of the polymer matrix.s€hgtructural phenomena may
be linked to the increase in the tensile modulus and testsiagth as shown in table
4.1. The increase in tensile strength may be attribubethé homogenous and
fibrillated change in morphology where Chow et al. [106fgasts that good

interfacial adhesion results in the enhancement of eempsdperties. The 1 wt. %
polypropylene nanocomposite structures shown in figure 4.16 dasimilar

morphology to the 0.5 wt. % structures.
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Fig. 4.16: SEM image of the fracture surface of teriss¢ed
PP infused with 1 wt. % nanoclays

The fractured surface shows more high stress zonesitggn polypropylene and 0.5
wt. % structures. In line with this, we find that bothe stiffness and strength
increased to 1.9 GPa and 60 MPa respectively. Figurerégkésents the fractured

surface of polypropylene infused with 2 wt. % of naagsl
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Fig. 4.17: SEM image of the fracture surface of teriss¢ed
PP infused with 2 wt. % nanoclays.

The structure shown is distinctly different from struesidiscussed thus far. It is finer
and more particulate in nature. This high-density mgréoundary shows a

strengthened matrix, resulting in increased stiffnesstemsile strength as discussed
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previously. At this clay loading, maximum enhancement msite properties was
achieved. Further analysis of the nanocomposite strucareky loadings greater
than 2 wt. % showed a drop in tensile properties. Figuie8 4epresents a
magnification of fractured surface of 5 wt. % specimdivgo distinct structures are

seen.

Fig. 4.18: SEM image of the fracture surface of teriss¢ed
PP infused with 5 wt. % nanoclays;

One is particulate in nature and the other is a large mggaied structure. The large
agglomeration may be a micron sized clay tactoid causedpdor nanoclay
dispersion. In order to verify that agglomeration doesaggly occur at 3 wt. % and
5 wt. % clay loadings, two panels (one 3 wt. % and oné So) each measuring 200
x 150 x 6 mm, was manufactured. Five beam type speciafehsensions 125 x 13
x 6 mm were cut from these panels. The specimens wealgsad at two different
cross sections along the beam. All of the sections the¢ s&anned showed areas
were agglomeration occurred coupled with poor clay dispersites. Figure 4.19
shows an image of one of these cross sections, at 5 wlaydoading. For closer
analysis the fractured surface figure 4.19 image was rgeake at 20 times

magnification, using a light microscope.
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Fig. 4.19: The magnified image of the fractured surfdce o
tensile tested PP infused with 5 wt. % nanoclays.

The fractured surface shows areas where no dispersiomredtcand agglomerated
clay sites. Preliminary TEM studies indicate that ¢hagglomerated clay tactoids
have formed in 5 wt. % structures. These structungsact on the interfacial
interactions of the polymer molecules causing poor iat&af adhesion leading to a
reduction in tensile properties and embrittlement in then&kcomposite structure.
These observations are similar to findings reported bydsiwej et al., Ding et al.,

Chow et al., and Gilman et al. [98, 100, 106, 107].

45 FRACTURE TOUGHNESS

Fracture toughness was performed on virgin and polypropylemecomposites at
different weight loadings to analyse the ability loé reinforcing nanoclay structures
to resist the crack propagation. The stress intensitprfd&c) and strain energy
release rate (o) of neat polypropylene and clay polypropylene nanocomnmgsss

shown in Figure. 4.20.
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Figure 4.20: Stress Intensity FactoidKand Strain Energy Release Rateg)G
for virgin PP and PP nanocomposite specimens

The stress intensity factor @ and strain energy release ratecfGof neat

polypropylene is 2.00 MPafiand 1765 J/f(Table 4.4).

Table 4.5: Stress Intensity FactoridKkand Strain Energy Release Rateg)G
for nanocomposite specimens.

Clay Content Kic Gic
specimen wt. % Mpa.m™?| J/m?
PP-neat 0 2.00 2502
PPOO5CL15A 0.5 2.75 2925
PPO1CL15A 1 3.17 3298
PP0O2CL15A 2 4.09 5191
PPO3CL15A 3 4.67 6429
PPO5CL15A 5 5.09 8106

The stress intensity factor and strain energy releaigeincreases on addition of
nanoclay. The nanocomposites exhibits a maximum improveiméft and Ge for
the clay content of 5 wt. %. The improvement in the &d Gc values is due to the

presence of the intercalated nanoclay structureleirpblypropylene nanocomposite
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structure. The intercalated nanoclays acts as loadnigeagents, and also acts as
crack stopping agent. The intercalated dispersion of the ptiglets prevents the
easy propagation of the crack by allowing the crack toagate through torturous
pathway resulting in increased fracture resistance a@sd increases the stress
intensity factor and strain energy release rate of #moclay infused polypropylene

infused specimens.

4.6 DYNAMIC MECHANICAL ANALYSIS
Figure 4.21 shows the storage modulu$ §Edifferent temperatures for virgin PP and

PP with different weight fractions of closite 15A.
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Fig. 4.21: Storage modulus of virgin PP and clay-polypropmylganocomposites
It was found that the storage modulus of polypropylene ase® with addition of
closite 15A nanoclays. The storage modulus of neat polymopyat -60°C is 3500
MPa. It increases to 3750, 4000, 4100 and 3600 MPa for the cliindsaof 1, 2, 3
and 5 wt. %. We can see an increasing trend in storaghkilos on addition of

nanoclays up to 3 wt. %. At higher clay content (5 wt. th@ storage modulus
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decreases, but it is higher compared to virgin PP. Thig lme possible that at higher
clay content the chance of clay to remain as micro@&tbighly contributes in
deterioration of the storage modulus. At room temperathee behavior is almost
equivalent. We can also distinguish two apparent claimgstorage modulus for both
virgin PP and nanocomposite samples. The first changesiesa drop in storage
modulus from -10 to 10°C and a reduction in rate of dropdrage modulus with
temperatures above 40° C. the first change between -10°t€ may be associated
with the relaxation of the amorphous phaasepliase relaxation). In this state, the
glassy state of amorphous phase goes through its glasititna temperature and
there is a sharp drop in modulus [81]. At higher temperanoee than 80° C, the
transformation rate is less severe. It was evident fOMA curves, that the
nanocomposite samples exhibit better storage modulus thgin #AP. Similarly the
loss factor curve shows the glass transition temperatugg &md softening
temperature (J of the virgin PP and the nanocomposite samples correspaioding

peak values of loss factor (Figure 4.22).
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Fig. 4.22: Loss factor curve of virgin PP and clay-polyglepe nanocomposites
The glass transition temperature and softening tempesatare obtained
corresponding to the peak values of loss factor. The peaksponéing to low
temperature is called glass transition temperaturg, (3econd peak at high
temperature is corresponding to softening temperatye I{was evident from loss
factor curve that, thegldecreases slightly from 6.76°C to 2.3, 2.75,1.3 a@d’Z for
the clay content of 1, 2, 3 and 5 wt.%. However, orother hand we have noticed a
significant increase in softening temperature. Theesofg temperature increases
from 70°C for PP to 110, 108, 109 and 105°C for the clay cowteht 2, 3 and 5
wt.% respectively. The improvement i i§ the mobility of the amorphous phase in
the crystal may be limited by the presence of nanoclelgsife 15A) in the PP

matrix.

79



4.7  TRIBOLOGICAL TESTING

The wear loss of neat PP and nanocomposite samples is sh&igare 4.23.
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Fig. 4.23: Wear loss of neat PP and nanocomposites

The specific wear rate of neat PP is 4:%fem’Nm and decreases with the infusion
of nanoclays at all the weight loadings.. The speciamwrate of PP with 2wt. %
nanoclays decreases to 6.43enm®Nm while the wear loss of PP with 5 wt. %
nanoclays decreases to 1.26enm®Nm. Nanocomposites with 2 wt.% nanoclay
shows a maximum of 85% improvement in wear resistafide. improvement in
wear resistance is mainly attributed to the presehctay platelets in the PP matrix.
These nanosize clay platelets dispersed in the polym#ixnaats as a barrier and
also prevent large scale fragmentation of the polymerbxmdihe nanoclay platelets
dispersed in the polypropylene matrix leads to interfesti@ngthening resulting in
increased wear resistance [108, 109]. The high interfacibésaon between the
matrix and nanoclay is due to the high specific surfaea af the nanoparticles. The

nanoparticle having the same size as the segments ofrtbargling polymer chains,
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the material removal is mild and aids the formation ofoum tenacious transfer film
as reported elsewhere [110, 111]. The nanoclay also a@sreisforcing element,
bears the frictional load and reduces wear. Hardness lmoindn also plays a vital
role in wear property improvemef[itl2]. The wear tracks of neat polypropylene and
clay polypropylene nanocomposites were analyzed using bmpticaoscopes. The
wear track of neat polypropylene is smooth with some ddepghing marks as
shown in Figure 4.24. The mode of material removal ithkeyploughing action of the
hard asperities of the brass counter disk when thacidf the polypropylene pin
slides over the counter face. As neat polypropylenefts tb@ asperity in the brass

counter face acts as cutting edge and ploughs the megarfate and removes the

material as wear debris.

Fig.4.24: Wear surface of neat polypropylene
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The optical micrograph shows the wear tracks of nanocomsasitples (Fig. 4.25).

Fig. 4.25: Wear Surfaces of clay polypolypropylene nanocoitgsosith
(@) 0.5 wt.% CL15A, (b) 1 wt.% CL15A, (c) 2 wt.% CL15A,
(d) 3 wt.% CL15A, (e) 5 wt.% CL15A.
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The wear mechanism is similar in nanocomposite samples.material is removed
from the surface of the nanocomposite test pins by theghing and cutting action of
asperities. The wear surfaces of the test pins arethnfmothe nanocomposites with
0.5, 1 and 2 wt.% clay loadings. The nanocomposite pirts 2vitvt.% nanoclay is
very fine and it looks that it has got better wear tasisthan the neat PP and other
nanocomposite samples. It is also evident from thedsstts that the wear loss is at a
minimum for the nanocomposites with 2 wt.% nanoclay. Thearwtracks
nanocomposites with 3 wt.% and 5 wt.% are comparativeligher than other
nanocomposite samples. Moreover the optical picture &mocomposites with 5
wt.% nanoclay shows some patches on the surface. The aggtedhclay might have
pulled out of the sliding surface and the pulled out regiensains as patch. The
nanocomposites with 2 wt.% nanoclay have shown the best nesigtance. The
adhesion between the matrix and the intercalated nanoesslgts is good and leads
to the better resistance for nanocomposite samples. &persed intercalated
nanoclay may also lead to the better adhesion betweerrisedn the counter face

[29, 30].

4.8 HALPIN-TSAI MICROMECHANICAL MODEL OF
POLYPROPYLENE NANOCOMPOSITES

The tensile and flexural properties of polypropylene afleenced by the manner in

which the nanoclays disperse within the polymer matrix. Déipg on the nature of

the dispersion, increased levels of microstructure reiefoent in the polymer matrix

occurs, leading to improvement of properties [102, 113]wéier solid state

properties are also known to depend on the size and shdpe @fiers and their

possible orientation with respect to the applied loads.aNd Sastry indicate
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maximum improvement in material properties are acloiewgh high aspect ratio
fibres when a percolation threshold of 4.2 vol. % i<hed [101]. They used Monte-
Carlo simulations tracking cluster sizes and percolatiatus in networks of elliptical
and circular particles to determine the minimum amouriillef needed to influence
properties of a material. A simulation presented in ttesearch shows this threshold
percolation volume fraction to be closely related to plagticles aspect ratio. In
addition to this, Kojima et al. also measured the ¢aitgon of MMT clay and polymer
crystallites in injection molded specimens of nylorl®& nanocomposites [102].
They determined three different regions of orientatioa &snction of depth, existed
in the nanocomposite specimens. Recent studies have desexhsthat the
orientation of the clay platelets plays an importané iin determining the property
enhancement in nanocomposites. Fornes et al. have examineginffioecement of
nylon-6 nanocomposites using composites theories of HalpinahdaViori-Tanaka
[114]. They reported that exfoliated layered silicaiéfer better reinforcement due to
the high modulus, high aspect ratio and its ability tofoece in two directions. The
reinforcing efficiency was found to decrease with incregasiumber of platelets per
stack and with increasing gallery spacing between thelpta. The tensile modulus
of intercalated or incompletely exfoliated nanocompssitéay tactoids that are

perfectly aligned may thus be calculated from the Halpsai equation given as;

£, = Composie L 1+2A'7' g (4.1)

E matrix 1_ ,7' {d

The modulus of the PP nanocomposite structure may be ded¢ermsing the ratio,

Ea, where A; is the aspect ratio of the nanoclay tactoids given by,
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A, in Eq. (4.2) is the aspect ratio of a single claytglet (ratio of

diameter/thicknessb] is the number of platelets in an MMT tactoid, s/the ratio of
distance between clay tactoids to plate thicknasisga corrected volume fraction in
intercalated nanocomposite structures. Figure ghbvs the comparison between the
theoretical modulus predicted from Eq. (4.1) anel ¢éxperimental measured values

from tensile test data.
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Fig.4.26: Comparison of simulated and experimemtzduli of
PP nanocomposites as a function of volume fraction.
The input parameters of the model are, modulub®fblypropylene matrix ~ 1 GPa
with a density of 0.9 g.cth the modulus of an individual MMT clay plateletl~72
GPa with a density of 1.66 g.cin86], the average number of platelets in an
intercalated MMT clay tactoid which is 4, and thgpeximate thickness of a clay

platelet which is 1 nm. The micromechanical modghisquantitatively predicts the
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modulus of the polypropylene nanocomposites. Initially, @t\olume fractions there
is fairly good agreement between the theoretical and iexpetal plots. At volume
fractions between 0.5 vol. % and 2.5 vol. %, the model vestgmates the modulus.
At volume fractions above 2.5 vol. % there is a sattsfy agreement between the
theoretical and experimental results. It is suggestadtiiis micromechanical model
provides a fairly reasonable engineering modulus estinmateéht polypropylene
nanocomposites. However more accurate predictions ohtitkeilus may be obtained
by considering the effects of polymer orientation and dlyirsg the full tensorial

constitutive equations for nanocomposite structures [65].
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CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1 INTRODUCTION

This chapter associates with the conclusions arrived from preeessing,
characterization, and mechanical testing of thermoplasilymer nanocomposites.
The polymer nanocomposites include various loadings ofiteddiSA nanoclays that
are infused into the pristine polypropylene polymer matfhe conclusions attained
from the mechanical properties, tribological properties rmondohological analysis of

the clay-polypropylene nanocomposites are also discussed.

5.2 CLAY-POLYPROPYLENE NANOCOMPOSITES

The thermoplastic nanocomposites was processed with variogstvractions (0.5,
1, 2, 3, & 5 wt.%) of cloisite 15A nanoclays infusedoithe virgin polypropylene
matrix via melt blending. The nanoclay used for producing nanocsitepois
organically treated montmorillonite nanoclay. Tensile mogluhcreases nearly 2.3
times for polypropylene nanocomposites with 2 wt.% nanocldys improvement of
the tensile modulus for nanocomposites is due to the exdwliattercalation of
nanoclay particles in the matrix, which restricts the ifitglof polymer chains under
loading. The decrease in modulus at higher clay contenygsbaaattributed to the
formation of agglomerated clay tactoids. The nanocongmsilso show increase in
failure strain. Tensile fracture surface analydishe polypropylene nanocomposites
are well corroborated with the mechanical propertieqie Tpolypropylene
nanocomposites have also displayed better flexural anacingpoperties. The impact

strength of polypropylene is significantly improved lwthe addition of nanoclay. A
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maximum of 8 % improvement in impact strength is ceti for the nanocomposites
with 2 wt.% nanoclays. The nano fillers can act askcséappers, and form a tortuous
pathway for crack propagation, resulting in higher impawotrgy. The presence of
exfoliated and intercalated clay platelets in the palgplene nanocomposites
effectively restricts indentation thereby possessing extdeflardness. The hardness
has increased to a maximum of 80 % for 5wt. % loadifge wear loss decreases on
the addition of nanoclays. The wear loss is reduced signtfic especially for the
clay content of 2 wt.% nano-size clay platelets dspe in the polymer matrix and
acts as a barrier preventing large scale fragmentatidheopolymer matrix. The
nanoclay platelets dispersed in the polypropylene matrix |dadsnterfacial
strengthening resulting in increased wear resistance2@@,The improvement in

wear resistance is mainly attributed to the presehcky platelets in the PP matrix.

5.3 CONCLUSIONS

1. In the XRD analysis of the pristine polypropylene andypapylene
nanocomposites, the disappearance of the peak in theaRétomposites
indicates the separation of clay layers and the foomatf intercalated or
exfoliated structures. This is confirmed in the transmis electron
microscopic studies.

2. TEM images at 0.5 wt. %, 1 wt. %, and 2 wt. % clay logslishow evidence
of intercalated and exfoliated structures. These strigimgey be responsible
for the increase in properties at low weight loadings

3. TEM and SEM images of 5 wt. % structures show areas af @ayp infusion

and multiple agglomerations sites. Tégglomerated clay tactoids are visible
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on the fractured surface of 5 wt. % specimens may be msipe for the
degradation in properties.

. The tensile strength and tensile modulus increases by 160®®“%a %
respectively, at a threshold of 2 wt. % nanoclay loadivgsile flexural
strength and flexural modulus increases by 85 % and 100 % tigspect a
threshold of 3 wt. % nanoclay loadings. The tensile dexiufal properties
then degrade at higher nanoclay weight loadings.

. The compression strength of PP nanocomposites shoinsraase in material
stiffness with an increase in nanoclay loading up to 3wiThis is suggestive
of the stiffness increasing with increasing clay concéntra

. SEM studies of the tensile fractured surfaces at loy loladings shows that
the morphology changes to homogenous and fibrillated. mtlisates there is
good interfacial adhesion between the nanoclays and polwhich may be
responsible for the improvement in tensile strength.

Increased fracture resistance, increased stressiigtéaors (Kc) and strain
energy release rates ({5 by approximately 150 % and 120 %, respectively at
5 wt. % loadings are indicated in fracture toughness.td@stis is due to the
formation of dispersed intercalated clay platelets & PP nanocomposites
that stops the easy propagation of cracks by causingréio& to propagate
through a torturous pathway.

It was found that the storage modulus of PP increasésagdition of closite
15A nanoclays up to 5 wt. % loadings. An increasing trenthé storage
modulus, by 17 %, is shown on addition of nanoclays upwt 36. There is a
minimal decrease for 5 wt. % loadings, however, thiage improved than

the virgin polypropylene storage modulus.
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9. Loss factor curves show an improvement in the softetengerature for PP
nanocomposites indicating that the mobility of the grhous phase in the
crystal may be limited by the presence of nanoclaylsarP matrix

10.Polypropylene infused with 2 wt. % of nanoclays haswshaignificant
reduction in wear rate. The improvement in wear rasigtais mainly
attributed to the presence of clay platelets in ther@Rix. The nanosize clay
platelets, dispersed in the polymer matrix, act as aebaand also prevent

large scale fragmentation of the polymer matrix.
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