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Chapter 1

1.1 Introduction

Polymer composites are widely used in a varietymblications involving automotive
parts, consumer products, and electrahfts In recent years, polymer clay
nanocomposites have drawn great interest from thathndustry and academia because
they often exhibit remarkable improvements in materproperties at very low clay
loading (up to 5 wt. %) when compared to pristiméymer or conventional composites
Since low amounts of fillers are used in the corippdensity of the final product can be

reduced, leading to improved fuel efficiency andueed pollution.

Nanocomposites constitute a class of material Igavianoscale dispersion,
typically 100 nm, of the filler phase in a giventma Polymer clay nanocomposites
have shown dramatic enhancements in mechanicakegre® (modulus and strength),
thermal properties (heat resistance and flammgpilénd barrier propertiés.The need
to develop new materials with better barrier prtipet® is because of stricter
permeatiof standards, which allow permeatfonf 2.5 grams/sq. meter/day for < 225 cc
engine displacement Therefore, nanocomposites may be used to manuéact
automotive parts with reduced weight, reduced fhéckness and overall cost reducfion

as compared to existing materials.

The fast pace of research in polymer clay nanocsitgmhas already developed
some products that are being used commerciallgéaiain applicatiortS such as nylon
nanocomposité$ in automotive¥, and in packaging fillf. Other nanocomposite
systems that have been extensively reported idittvature include polymer matricés
such as polyethylene (PE), polypropylene (PP), stelgne (PS), poly(methyl
methacrylate) (PMMA), poly(ethylene oxide) (PEQ.e



1.2 Scope of present work

This research work focused on the development of EIRy nanocomposites and their
potential application in automotive industry. Twifferent types of clays were used and
comparison between their mechanical, thermal, aadids properties was made to
understand structure property relationship in theaterials. A brief literature review is

documented in Chapter 2. Chapter 3 describes malsteequipments, and experimental
methods used for polymer nanocomposite preparati@hcharacterization. Chapter 4
covers results and discussion of the morphologhefnanocomposites, followed by the
mechanical and thermal properties of the polymay domposite systems. Chapter 5
summarizes the overall conclusions. Chapter 6estgduture work.

1.3 Challenges

Some challenges in processing polymer clay nanoositgs are: to achieve uniform
surface treatment of clay layers; to maximize elisjpn of filler particles in the polymer
matrix; to increase interaction between polymeirixaand filler particles; and to
prevent re—agglomeration of filler particles durprgcessing.

Challenges in materials include: material cosswfface modifier (intercalant)
and compatibilizer; limited availability of equigmt for clay modification, and
characterization of clays and nanocomposites (whveitl restrict experimental

iterations).



Chapter 2

2.1 Nanocomposites

As mentioned in the previous chapter, nanocomposite a class of materials, which
contains fillers with at least one dimension inoraeters (less then 100 nm) dispersed in
polymer matrix. Advantages of using nanocomposites
> Improved mechanical propertiés
Improved barrier propertits
Reduced weight
Overall system cost effectiveness
Numerous processing advantages
Recyability'’

YV V. YV V V

2.2 Types of polymers used as matrix material

Thermoplastics are the general class of polymersd uas matrix material for
nanocomposite synthesis. They can be remelted raneblded. Commonly used
thermoplastics include PP, PE, poly(ethylene tategdhte (PET), PMMA, PS,
polycarbonate (PC), nylon, etc. Out of these spotgmers like PMMA, PS, and PC are
useful at temperatures below the glass transitemperature (J) because they are
amorphous. Thermoplastics can be processed bysaxtr, injection molding, and blow

molding.
2.2.1 Polypropylene

Polypropylene is a versatile polymer used in appions from films to fibers with a
worldwide demand of over 21 million pounds. Pobpylene is synthesized by the
polymerization of propylene, a monomer derived frgatroleum. The range of
molecular weights for PP Mn = 38,000 to 60,000 andlw = 220,000 to 700,000. The



molecular weight distributionMn/Mw) can range from 2 to about 1IThe isotactic
polymer is the most commercially used form with eltmg point of about 165 °C. It is

used in applications such as sealing strips, pap@nating, and adhesives.

Polypropylene is less resistant to degradation tiuéarly high temperature
oxidation) than polyethylene, but it has betteriemmmental stress cracking resistance.
The decreased degradation resistance of PP isodihe fpresence of a tertiary carbon in
PP, allowing for easier hydrogen abstraction coepavith PE. Polypropylene is one of
the lightest plastics, with a density of ~0.905heThonpolar nature of the polymer gives
PP low water absorption. Polypropylene has goainital resistance, but liquids such
as chlorinated solvents, gasoline, and xylene Hactahe material. Polypropylene has a
low dielectric constant, and is a good insulatbifficulty in bonding to polypropylene

can be overcome by the use of surface treatmeimspt@ve the adhesion characteristics.

Polypropylene has many applications. Injection dimy applications cover a
broad range from automotive uses such as domesjighanels, and car battery cases to
luggage and washing machine parts. Filled PP caaskd in automotive applications
such as mounts and engine covers. Elastomer modHie is used in the interiors,
exteriors, and under the hood applications. Neadegs of high flow PPs are allowing

manufacturers to mold high performance house wares.
2.3 Types of fillers

Fillers are typically incorporated in polymers tmprove their processing behavior,
physical properties, and to reduce the costs offitted products. Large quantities of
particulate fillers are successfully used in PRntprove its performance, and to extend
its application envelope to fields where other argring thermoplastics have been used.
For PP, the most commonly used filler is talc,daled by calcium carbonate, and then
by glass fiber as reinforcing filler. Other filleinclude mica, silica, glass beads, clay,
carbon nanotubes (CNTSs), etc.



Some of the factors that affect the mechanical gnogs of the composites are
particle size, particle size distribution, specsiaface area, hardness, shape, surface free
energy and surface treatment, chemical compositionerface chemistry, filler

morphology, and degree of purity.

With decreasing patrticle size, there is an increasestrength and modulus
accompanied by a decrease in deformability and empiaength. Also, the tendency of
fillers to aggregate increases with increases mbars of small particles. This can lead
to insufficient homogeneity, and the aggregatediglas can act as crack initiation sites
during impacts. Specific surface area has a defett on the adsorption of additives
and polymer chains, and the extent of adsorptiopragportional to the area of the
polymer matrix filler interface. This adsorptioffexts yield stress, tensile strength, and

impact resistance.

The shape of the fillers plays an important rolethe reinforcement of the
composites increasing with the anisotropy of thetigde. Polymer matrix filler
interactions affect the mechanical properties ef tbhmposite and the particle — particle
interactions influence aggregation. Both theseradtions are determined by the surface
free energies of the filler particles, with nontezhfillers having high energy surfaces.
During melt mixing, polymer chains adsorbed onte #Hctive sites of the filler surface
form a layer, and the character, thickness, angegsties of this interlayer are different
from the properties of the matrix. Secondary, @er Waals forces determine the
strength of the matrix / nontreated filler interantand the thickness of the interlayer.

Fillers can be broadly classified as inert andfoeging.

2.3.1 Inert fillers

Inert fillers do not chemically react with the polgr matrix but only the volume
occupied by the filler affects the properties odrtinoplastics. In particular, these fillers
may increase the density, hardness, heat defledgmperature (HDT), and reduce



shrinkage. Examples of this type of fillers areinehclay (kaolin), talc, calcium

carbonate, etc.
2.3.2 Reinforcing fillers

Interaction of these fillers with polymer matrix ngainly chemical in nature. These are
added to improve modulus or tensile strength, HBfEep behavior, surface finish,
barrier properties, etc. Examples of these tydelllers are clay, sand/quartz, silica,

carbon black, etc. Table 1 shows effect of fithgye on properties.

Table 1. Effect of different type of fillers on pdymer properties

Test type Glass fiber | Talc [ Sand/quartz powder
Tensile strengtt ++ 0
Compressive strengtl + + +
Modulus of elasticity ++ + +
Impact strength +

Reduced thermal expansio + + +
Reduced shrinkag: + + +
Better thermal conductivity + +
Higher heat deflection temperature | ++ +
Electrical resistance +
Thermal stability + +
Chemical resistanc 0

Better abrasion behaviol +
Extrusion rate +

Machine abrasior 0

Price reduction + + ++

++: large influence, +: influence, 0: no inflwen: negative influence
Ref: Charles.A. Harper, Handbook of Plastics, Blamrs, and Composites.



2.4 Using clay as filler

Clay is used as low cost filler and extender at5@0weight percent loading. The
objective is to coax polymer chains between théviddal clay sheets to get the sheets to
disperse completely in the polymer matrix. The omé@nt characteristics pertinent to
application of clay minerals in polymer nanocompasiare their richest intercalation
chemistry, high strength, stiffness, high aspeib raf individual platelets, abundance in
nature, and low cost. Their unique layered stmetfland high intercalation capabilities
allow them to be chemically modified to make theempatible with polymers, which
makes them particularly attractive in the developmef clay based polymer
nanocomposites. Clay minerdlsised for polymer nanocomposites can be classiiied

three groups as 2:1 type, 1:1 type, and layerezicsécids.
24.1 Layered Silicates 2:1 Type

The layered silicates used in the nanocompositEsddo the same structural family as
the better known minerals talc and mic&.(2:1 phyllosilicates). Their crystal lattice
consists of two dimensional, 1 nm thick layers, ahhis made up of two tetrahedral
sheets of silica fused to an edge shaped octahgldeat of alumina or magnesia. The
lateral dimensions of these layers vary from 30tarseveral microns depending on the
particular silicate. Stacking of the layers lednls regular van der Waals gap between

them called thénterlayeror gallery as shown in Figurel.
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Figurel. The structure of 2:1 layered silic&fes.
2.4.2 Layered Silicates 1:1 Types

The clays consist of layers made up of one alumingtahedron sheet and one silicon
tetrahedron sheet. Each layer bears no chargetalube absence of isomorphic
substitution in either octahedron or tetrahedrosesh Thus, except for water molecules,
neither cations nor anions occupy the space betweetayers, and the layers are held
together by hydrogen bonding between hydroxyl gsoupthe octahedral sheets and
oxygen in the tetrahedral sheets of the adjacgrtda

2.4.3 Layered Silicic Acids

Clays consists mainly of silicon tetrahedron sheetls different layer thickness. Their
basic structures are composed of layered silicatearks and interlayer hydrated alkali
metal cations. The silanol groups in the intenlaggions favor the organic modification

by grafting organic functional groups in the inéger regions. They are natural clay



minerals except for octosilicate, but can be syiteel as well. Layered silicic acids are
potential candidates for the preparation of polym&mocomposites because they exhibit
similar intercalation chemistry as smectite clay@esides, they possess high purity and

structural properties that are complementary toctiteeclays.

All of these clay types are characterized by adaagtive surface area, layered
morphology; characteristic cation for isomorphibstitution (for example, Af replaced
by Mg™ or F€?) generates a negative charge defined through hiaege exchange
capacity’ (CEC), depending on the mineral origin, and isorha@rpsubstitution within
the layers. The most commonly used clay is 2:& tyih CEC in the range of 0.9 — 1.2

milliequivalence per gram (meq/g). Table 2 showsimmary of clay mineral properties.

Table 2. Properties of clay

Secondan Interlayer
. Type » _ CEC [cmol/kg]
mineral condition/Bonding

lack of interlayer
Kaolinite 1:1 (nonexpanding) | surface, strong| 3 15

bonding

N _ Very weak bonding
Montmorillonite |2:1 (expanding) _ 80 150
great expansion

2.4.4 Organically modified layered silicate (OMLS)

The physical mixture of a polymer and layered atkcmay not form a nanocomposite,
rather separation into discrete phases takes pl&oeclay surface is modified to achieve
good exfoliation and dispersion in polymer matrixMontmorillonite (magnesium

aluminum silicate M(AlxMgxSisO20(OH),) is a type of smectite clay, which has a thin
layered sheet morphology. They can have lengths @00 nm with thicknesses about 1
nm, which leads to a large surface area, and adsghct ratio. They are associated with

a large net negative charge, located inside thgtalryand a few positive charges on the



edges. However, it is difficult to disperse thayclplatelets (hydrophilic) in most
polymers (hydrophobic). Therefore, montmorillonidays are surface treated with long
alkyl chain organic molecules, for example. In tase of PP, a compatibilizer, such as

maleic anhydride grafted PP, is used to achievebeispersion leading to exfoliation.

245 Method of surface modification

It is critical to modify the surface of clays tohaeve desired miscibility and dispersion
leading to desired properti&s. Therefore, importance is given to select appatgri
organic modifications for layered inorganic clay$ristine layered silicates usually
contain hydrated Naor K* ions. Obviously, in this pristine state, layesilicates are
only miscible with hydrophilic polymers, such aslyp¢ethylene oxide), or poly (vinyl
alcohol) (PVA). To render layered silicates mi¢eilvith other polymer matrices, one
must convert the normally hydrophilic silicate suxé to organophilicthus making the

intercalation of many polymers possible.

Generally, this can be done by ion exchange raatwith cationic surfactants
including primary, secondary, tertiary, and quateyn alkylammoniurf® or
alkylphosphonium cations.  Alkylammonium or alkyggphonium cations in the
organosilicates lower the surface energy of thegawic host and improve the wetting
characteristics of the polymer matrix, and resuit a larger interlayer spacing.
Additionally, the alkylammonium or alkylphosphoniucations can provide functional
groups that can react with the polymer matrix, ar sSome cases initiate the
polymerization of monomers to improve the strengththe interface between the
inorganic and the polymer matrix. A typical schémaf clay modification is given in

Figure 2.

1C
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Figure 2. Schematic flow chart for organoclay nfanture.

2.5 Types of nanocomposites

Depending on the strength of interfacial interattidetween the polymer matrand
layered silicate (modified or not), three differetypes of nanocomposites are
thermodynamically achievable. A representativees@dtic is given in Figure 3.

2.5.1 Intercalated nanocomposites

In intercalated nanocompositésthe insertion of a polymer matrix into the layered
silicate structure occurs in a crystallographicaflgular fashion, regardless of the clay to

polymer ratio.

2.5.2 Flocculated nanocomposites

Conceptually this is same as intercalated nanocsitgso However, silicate layers are

sometimes flocculated due to hydroxylated edgelgeenteraction of the silicate layers.

2.5.3 Exfoliated nanocomposites

In an exfoliated nanocomposftethe individual clay layers are separated in ainaous
polymer matrix by an average distance that dependslay loading. Usually, the clay
content of an exfoliated nanocomposite is much fo#ran that of an intercalated

nanocomposite.

11
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Figure 3. Schematic illustration of three typepolymer nanocomposité8.

2.6 Nanocomposite processing techniques

Polymer—clay nanocomposites can be synthesizedouiaapproaché$?®2° depending

on the starting materials and the processing tgciasi

The first approach is vien situ polymerization, which consists of swelling the
organophilic clay layers in the presence of ligmdnomer followed by polymerization
(Figure 4). It can be initiated by either heatradiation, by diffusion of an appropriate
initiator, or by a catalyst attached inside theyola ion exchange. The ability of the
small monomer molecules to intercalate in the reyek for polymer formation to occur

makes this technique very successful in achiewitly éxfoliated layer.

12



Curing
agent

Monomer

Swelling —i
Organoclay

Polymerization

v

Nanocomposite

Figure 4. In—situ polymerization process.

Emulsion polymerization is another method whereldlyered silicate is dispersed
in an aqueous phase in the presence of a surfactEim surfactant is not necessarily
cationic; it can be anionic or zwitterionic. Themomer is added to the solution and
adsorbs onto the clay layers. The advantage efrti@thod is the fact that the clay is

modified in the same solution where polymerizatamcurs rather than functionalizing

the clay in a separate stage as don@fesitu polymerization.

Along the solution scheme, a third type

polymer in a solvent, mixing with organoclay-solizeiispersion where the polymer will

displace the solvent and intercalate within theriayer.

yielding the nanocomposite (Figure 5).

of synthesivolves dissolving a

Solvent is finally removed,

Polymer
Organoclay
Swelling Intercalation
Solvent

A
Evaporation

A
Nanocomposite

Figure 5. Solution exfoliation.
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The fourth technique, melt intercalatiShis more industrially favorable due to its
ease of implementation and production. This mettmasists of annealing, statically or
under shear, a mixture of polymer and treated ellay temperature above the glass
transition or melting temperature of the polymerig(ife 6). A majority of

nanocomposites can be prepared with this approach.

Curing
Thermoplastic agent

Blending i’ Annealing

v

Nanocomposite

Organoclay

Figure 6. Melt intercalation.

2.7 Characterization techniques for nanocomposites

2.7.1 Morphological characterization

2.7.1.1  Wide Angle X-ray Diffraction (XRD)

Wide angle X-ray diffraction (XRDj is very useful to determine th#-spacing of
intercalated layered silicates. In general, dorganic layered silicates (smectites) show
diffraction at about 6-8(260), which corresponds to @&-spacing of about 1 nm. The
thickness of diffracting clay stacks, number ofiidlual clay platelets per stack, can also
be calculated from the breadth of the XRD peakgidiie Bragg equation: = 2d sinp,

14



whereas\ is the wavelength of X—raysd;is the spacing between the planes in the atomic

lattice; andd is the angle between the incident ray and theéesoag planes.
2.7.1.2  Transmission Electron Microscopy (TEM)

X-ray diffraction alone is not enough to determihe morphology of a nanocomposite.
In fact the use of XRD alone can be very misleadimge both exfoliated and disordered
structures will not be detected by XRD. Nanostiuetcan be studied by monitoring the
position, shape, and intensity of the basal raftest of XRD patterns With XRD
morphology, dispersion of clay platelets can ba@rad. Limitations of XRD technique
include absence of information about the spatiatrifhution of the clay layers or
structural non—homogeneities in nanocompositescofmrast, TEM can provide direct
gualitative information of structure, morphologydaspatial distribution of the various

components as well as defects in structure.
2.7.2 Thermal properties

There are two purposes for employing thermogravimanalysis.
(a) To determine the approximate inorganic (claytent in the polymer clay composite.
(b) To obtain information on the thermal stabilifithe new material.

Cone calorimetry? can be used to determine barrier properties,cfi@acteristics such
as ignition times, weight loss, heat and smokeasdeates, heat of combustion as well as

the average specific extinction area.
MFI is another property of interest in assessmémaecular mass, and is an inverse of

melt viscosity. Knowing MFI is vital to anticipatnd control processing parameters

during molding of components.

15



2.7.3 Mechanical properties

Among the many mechanical properties, tensile,ufiakk and impact properties are the
most frequently considered properties, which araluated, and used throughout the
automotive industry. These properties are an imaporindicator of the material’s

behavior under loading in tension. Tensile tespmgvides these useful data: tensile
yield strength, tensile strength at break (ultimégasile strength), tensile modulus
(Young's modulus), and elongation at yield and kreAnother property of interest is the
flexural strength, which is the material's abilitg resist bending (stiffness of the

material).

2.8 Challenges dealing with nanocomposite producin
Following are the challeng@s the production of nanocomposites:
2.8.1 Exfoliation and orientation

When using clay fillers, it is necessary to sepathe particles into the right shape and
layer structure calledxfoliationto achieve required properties. Particle orieomaalso

has an effect on the success of a nanocomposite.
2.8.2 Compatibility and reaggregation

Compatibility between the nanofillers and the padynsubstrate may cause issues as
well, depending on how they interact with each nth&nother concern is during the
processing stage there is a possibility of reaggreg where the particles clump

together. If this happens, the creation of theocamposite is unsuccessful.

16



2.8.3 The thermodynamic challenge

In general, interplay of entropic and enthalpiddas determines the outcome of whether
an organically modified montmorillonite (o—mmt) Wibe dispersed, intercalated, or
exfoliated in a polymer. Dispersion of montmorilienin a polymer requires sufficiently
favorable enthalpic contributions to overcome antyapic penalties. Favorable enthalpy
of mixing for the polymer / o-mmt is achieved whhe polymer / mmt interactions are

more favorable compared to the surfactant / mneradtions.

For most polar or polarizable polymers, an alkylaaniam surfactant (the most
commonly used organic modification is adequatefter sufficientexcess enthalpynd
promote the nanocomposite formation. However,ha tase of polypropylene, the
alkylammonium—based o—mmt has surfactants withstrae aliphatic apolar nature as
PP. Consequently, such systems atéettconditions, and there is no favorable excess
enthalpy to promote PP / alkylammonium — mmt disjper. Thus, thehallengewith PP
is to design systems where the polymer / mmt iotemas are more favorable than the

surfactant / mmt interactions. There are two waysvercome this challenge:

1. Improve interactions between polymer and montmorillonite to become more
favorable than the alkyl surfactant / mmt interaws. This can be achieved PP

functionalizationi.e. by introducing polar opolarizable groups in the polymer.

2. Decrease the enthalpic interactions between the surfactant and the montmorillonite,
which effectively will rendethe PP / mmt contacts favorable. This second risutere
challenging, as the alkyl-surfactant / mmt intacaxt are already very poor (that is
exactly the reasorthese surfactants work so well in dispersing mosh aliphatic
polymers). However, semi—fluorinated surfactatd$iave more unfavorable interactions
than thehydrogenated polyolefins, and if used appropriatelprganically modify the
mmt, they will promote PP / mmiscibility.
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2.9 Properties enhanced by using nanocomposites

2.9.1 Mechanical properties

Most of the PP / mmt nanocomposite studies reposile strength as a function of
montmorillonite content. A sharp increase in Yosnmodulus at filler loadings <3wt%
is reported. Analogous results are reported fdomy6 / montmorillonite systems.
Reason for increase in modulus may be attributethéostiffness of montmorillonite
layers as well as the constraining effect of eatedd montmorillonite layer on molecular

motion of polymer chains.
2.9.2 Thermal properties

Nanodispersion of montmorillonite in polymer matredso promotes higher heat
deflection temperature. Improvement in HDT origesafrom the better mechanical
stability of nanocomposite as compared to neatrpelty Enhanced HDT is important for

industrial viewpoint as with the increases in HDAQld cycle time is reduced.
2.9.3 Barrier properties

Polymer / montmorillonite nanocomposites in whiclormimorillonite layers are fully
exfoliatedto 1 nm thick individual layers, and dispersedpiolymer matrix exhibit
enhanced barrier properties, due to the increasdfective diffusion length as solutes

must travel a tortuous path around well disperdatelets of high aspect ratio.
2.9.4 Weight reduction

Enhanced mechanical properties can also be achleyedher layered particular fillers

like talc, however much higher filler loadings ~3%tare required. Hence by using
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nanocomposites, weight of final product can be cedywhich in turn would affect the

final cost (final system cost reduction and / dueaaddition is required).

2.10 Examples of Polymer Clay Nanocomposites

Nanocomposite technology has reached a varietplghyers systems that can be mixed
with layered silicates. Following are the example§ some polymer clay

nanocomposites.
2.10.1 Nylon 6 / Clay Nanocomposites

Toyota research group was the pioneer in polymeoc@mposites by synthesizing nylon
6 / clay nanocomposite via—situ polymerization of caprolactam in the clay intedes;
Montmorillonite was modified with amino acids {M'(CH,),.,COOH]. It was
demonstrated that the surfactant chain length taffie¢he final morphology of the
nanocomposite. Mechanical properties showed sogmf improvements with the
addition of only 4.2 wt% of modified mmt. These fakated nanocomposites

demonstrated significant increase in dimensioraddilsty and barrier property.
2.10.2 Polystyrene / Clay Nanocomposites

Polystyrene is one of the most researched nanocatamystems, being synthesized via
in—situ and emulsion polymerization, and by melt intertafa There are several
literature papers on polystyrene nanocompaSitiesm different research groups. Akela
and Moet synthesized intercalated nanocompositeasiiyg mmt modified via cation
exchange with a polymerizable surfactant, (vinylydtrimethyl ammonium chloride.
Styrene wasn-situ polymerized in the presence of a solvent to fatéi intercalation.
These intercalated polystyrene nanocomposites getlilenhanced thermal properties

than pure polystyrene.
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2.10.3 Epoxy Resin / Clay Nanocomposites

Several research groups have studied the use yffiter with epoxy resir’* These
studies revealed clay intercalation as well asl@tion, and were focused on the use of
diglycidyl ether of bisphenol A [EPON-828] as epoxgsin. Composites were
synthesized vian—situ technique. Qutubuddin and coworkers synthesizexkyeresin
cured in the presence of organophilic montmorilenand intercalation was observed

due to high interlayer spacing verified by both XBd TEM.
2.10.4 Polypropylene / Clay’ Nanocomposites

One of the most used polyeolefins in the indussrypolypropylene. One obstacle for
synthesizing nanocomposites in this system is tiermodynamic incompatibility
between PP and organoclay since PP does not cantgipolar groups in its backbone.
However, Toyota research group developed PP /gthyid by using simple melt mixing
of three components: PP, maleic anhydride(MA) medifpropylene oligomers (PP—
MA), and clay intercalated with stearylammoniumia@at XRD and TEM indicated that
both intercalated and exfoliated composites weasyced, depending on the type of
maleic anhydride groups used: MA (acid value =n&iBol of KOH/g) for intercalated
and MA (acid value = 26 mmol of KOH/g) for exfoiat. It was concluded that two
factors influence the exfoliation and homogeneoispatsion of the layers in the
composite: (i) Intercalation capability of oligems in layers. (ii) Miscibility of
oligomers with PP.
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2.11 Nanomaterials in automotive industry

A "Roadmap Report Concerning the Use of Nanomdseba the Automotive Sector
published by the European Commission” callddnomaterial Roadmap 201Bas

outlined some interesting information regardingaraaterials.

Some of the nanomaterials that are being investigare: carbon black;
hydrophobic fumed silica; nanoclay; nanotalc; rboa nanotubes; polymer
nanocomposites; oxides such as magnetite, cewhtitania; aluminum / magnesium /
titanium alloys; metal / ceramic coatings; siticcarbide and carbon nanofibers; and

metal matrix hybrids.

These materials can be used in the following domairthe automotive industry:
frames and body parts; engines and powertrainntgand coatings; suspension and
breaking systems; lubrication; tires; exhausttesys and catalytic converters; and

electric and electronic equipment.

Some key drivers and challenges that the sciemifromunity faces are: energy;
environment; safety; better performance / engffeciency; aesthetics / haptics;
affordability; recyclability; and weight reductiaf vehicles.

Some companies that are involved in nanomatenmads@anocomposites research,
development, and commercialization are given below:
Nanoclays: Southern Clay Products, Nanocor, Crystal NanoQfzdia)
Carbon nanotubes: Hyperion, Bayer, Arkema, Mitsui, Nanocyl, Nan@@{India)
Nanocomposite compounds / masterbatches: RTP, PolyOne, Crystal NanoClay
(India), Technovinyl Polymers (India)
Nanocoatings: for glass, wheels, antifog, water and dirt repg|leself healing, scratch
resistant, optical effects, antireflective coatinigs interiors: BASF, Bayer, PPG,
Nanovere, Triton, Nanogate, Nanophase

Auto manufacturers: GM, Ford, Toyota, Honda
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2.12 Polymer nanocomposites in the automotive ingtry

As explained earlier, a nanocomposite is a mulagghcompound in which one of the
phases has a length scale in the nanometer rafigere are several reasons as to why
nanocomposites are being used in the automotivestngd Some of them are:
1. Significant improvement in mechanical properties nainocomposites can be
achieved because of high aspect ratio (length:demnef filler particles.
2. Due to the small filler size, there will be lessrfage distortion of auto
components.
3. Since low amounts of fillers are used in the contpopgensity of the final
product can be reduced, leading to improved fudiciehcy and reduced

pollution.

Improvements in mechanical (tensile and flexurdijermal (heat distortion
temperature, coefficient of linear thermal expangi@nd barrier properties, and higher
scratch / mar, chemical, and solvent resistancee haeen reported for the clay
nanocomposites. Equivalent values of flexural nasland heat distortion temperature
of conventional 30 weight per cent filled nylon dasmachieved with ~ 8 weight per cent

nanoclay filled nylon nanocomposite.

Reduction in molding cycle time and warpage haslweserved. Longer lasting
components with fewer repairs along with weightutthn are added benefits. These
nanocomposites can be used in flame retardantcagipins where lower heat release rate
is required. Some applications of polymer clayamposites have been in timing belt
covers, step assists, body side moldings, and hufapeaa (Figure 7 A and B).
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Figure 7 (A). Pontiac Aztec door cladding, reaamer panel.

Figure 7 (B). Denali front fascia.
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Besides mechanical property improvements, nanoctaypounds can exhibit
improved barrier. The reduction in permeation iatgpically attributed to the increase
in effective diffusion length as solutes must ttavéortuous path around well dispersed
platelets of high aspect ratio. Nylon 6 nanocontpodlm achieved an oxygen

transmission rate almost five times lower thansfaemdard nylon 6 film.

The reduction in permeation rates can be importantneeting stricter fuel
emission requirements in automotive or other smad/ine applications. The California
Air Resources Board (CARB) and the U.S. EnvironrakRtotection Agency (EPA) will
be implementing these requirements from 2008 tir&®013. Proposed EPA regulations
on lawn and garden equipment will limit fuel pertiem to 1.5 g/r/day. Typical
polyethylene resins commonly used today will noetrthese new standards. Figure 8
shows the reduction in fuel loss rate between adstal blow molded HDPE tank and

several nylon nanocomposite tanks.
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Figure 8. Normalized fuel loss rate comparisosroéll tanks.
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2.13 Scope of present work

This research work focused on the development otlg? nanocomposites and their
potential application in automotive industry. Twifferent types of clays were used and
comparison between their mechanical, thermal, aadids properties was made to
understand structure property relationship in thesgerials. One of the objectives of
this study was to indigenize clay sources and nmatibn, and compounding of PP with
clay filler. Clay particles were surface modifiacsing Crystal NanoClay (India)
proprietary technique. Modified clays, PP, and MARP were compounded in an
extruder, and pellets were obtained. Tensile,uflak and impact test specimens were
injection molded. Morphology of raw and modifiethy was studied using XRD and
TEM. Mechanical testing of PP / clay systems wasied out for their tensile, flexural,
and impact properties. Thermal stability was deteed by thermogravimetric analysis,

while flammability was evaluated using burn rat.te
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Chapter 3

Materials and Experimental Procedure

3.1 Materials

Two types of organo quaternary ammonium salt medifnanoclays (NC1 and NC2)
were obtained from Crystal NanoClay, India. CEGQGnbar for NC1 and NC2 are 1.0
meqg/g and 0.9meq/g, respectively. Polypropylengolymner used in this study was
obtained from Reliance Industries, India. Malawydride grafted PP (MA—g—PP) used

as compatibilizer was obtained from DuPont.

3.2 Nanocomposite Preparation

Polypropylene nancomposites were prepared usingdifferent types of nanoclays and
maleic anhydride as mentioned in section 3.1. eBelbf pure PP and MA-g-PP were
obtained by extrusion using corotating twin scrextrieder with L/D ratio > 36:1.

Extruder was maintained at the speed of 300—400atpmbout 200 °C. This was done to

maintain similar thermal history.

Nanoclay powder was dried for 3 h at 90 °C in vawwayen. NC1 and NC2 clay
| PP master batches were prepared with composfigi®d wt% PP + 30 wt% clay +30
wt% MA—-g—PP under the same conditions as mentiatede. Master batches were let
down into final compositions of 2 wt%, 5 wt%, andv8%b for both NC1 and NC2 clays.
About 2-2.5 kg of material was extruded for eacmpaosition. Sample information is

given in Table 3.
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Table 3. Nanocomposite sample information

PP Polypropylene PP-MAgPP PP+5 wt% MAgPP

2NC1 PP+MAgPP+NC1 (2 wt%) 2NC2 PP+MAgPP+NC2 (2 wt%)
5NC1 PP+MAgPP+NC1 (5wt¥ | 5NCz PP+MAgPP+NC2 (5 wt¥
8NC1 PP+MAgPP+NC1 (8 wt%) 8NC2 PP+MAgPP+NC2 (8 wt%)

About 20 test specimens for tensile, flexural, amgact testing were injection

molded for each composition.

3.3 Characterization of Nanocomposites

Nanocomposite samples were characterized usingréeliff techniques to evaluate their

morphology and performance. The techniques arerithes below.
3.3.1 Wide Angle X-ray Diffraction

XRD is the most general technique to probe nanostres. Hence, XRD patterns were
recorded with X-ray diffractometer (Rigaku—Model igs¥, diffractogram) equipped
with Cu—K, X—ray radiation { = 1.54 A). Graph of intensity againg b the range of
2° to 6 was made for raw clays as well as for surfactegdtéd nanoclays. Scan speed

was maintained at 0.5 deg/min.
3.3.2 Transmission Electron Microscopy

Specimens were prepared for TEM by cryosectiortiregsmples Reichert Jung Ultracut
E microtome. The microtome chamber, knife, and@aswere maintained at ~ -50.
Ultrathin sections were placed on copper TEM gridections were observed using a
Zeiss EM 109T electron microscope operating at\80 k
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3.4 Determination of Mechanical Properties

Mechanical properties were evaluated for all comjprs. Table 4 shows the test

conditions for determination of mechanical propti

Table 4. Conditions for mechanical testing

o ] Izod (Notched)
Test Specification Tensile Test Flexural Test
Impact Test
ASTM Method ASTM D638 ASTM D790 ASTM D256
Shape of the
_ Dumbbell shaped Rectangular Rectangular
specimen
Sample dimensions| 150%12.7x3.2 fnm 125x12.7x3.2 mf | 64 x12.7 x 3.2 mf
Test temperature 23°C 23°C 23 °C
) Instron Corporation Instron Corporation _
Equipment used _ _ Ceast impact tester
Series IX Series IX
Cross head speed 50 mm/min 2.54 mm/min NA
No. of specimens _
Three Three Five
tested
3.5 Fracture Analysis using Scanning Electron

Microscope (SEM)

SEM (LEO, Model-EV040-7636) was used to study {rexct behavior of
nanocomposites. After tensile test, the fractigachple was cut in approximately 1 cm
size away from fractured surface. Sample was el@aoy ultrasonic cleaning and

polished. The fracture surface was coated with gloild layer and observed under SEM.
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3.6 Melt flow index

MFI was determined for each sample according to M$238. Approximately 6.9g of
pelletized sample was loaded and compacted imteséll. Temperature was maintained
at 230 °C. An initial load of approximately 1.5 w@s applied for 250 sec. Then a load
of 2.16 kg was applied, and melt flow index wasedoas flow rate per 15 sec. Samples
were weighed using digital balance. Each readiag multiplied by 40 to get MFI in
9/10min.

3.7 Thermogravimetric Analysis

Thermogravimetric analysis was done on a Thermalalysis Q50 instrument
Thermogravimetric Analyzer with nitrogen as purgg@s. Tests were conducted from
25 to 700°C at a heating rate of 2C/min.

3.8 Test for flammability

Flammability of nanocomposites was characterized boyn test, which gives a
guantitative measure of rate of burning of polymesamples. Test was conducted
according to ASTM D635. Sample dimensions were %502.7 x 3.2 mfh Test
samples were placed horizontally in the flammap#ipparatus (Atlas Model HMV metal
flammability cabinet). The free end of specimers\eaposed to specified methane gas
flame. Ratio of burned length and elapsed time ieperted as burn rate (mm/min).
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Chapter 4

Results and Discussions

The effect of type of clay and clay loading on thr®perties of nanocomposites are

discussed in the following sub-sections.

4.1 Morphology

4.1.1 X-ray Diffraction

XRD pattern of raw clay NC2 (Figure 9 A) shows greak at about®= 5.5 with basal
spacing of 1.60 nm. Surface treated clay NC2 (feig B) shows increase in basal
spacing of 1.91nm ato2= 4.6’. In as received raw NC2 clay scattering pealoat 3.5
is unsymmetrical indicating the existence of thiess distribution of clay layers. On the
other hand in surfactant treated clay peak6éat 2.6 is symmetrical indicating uniform
distribution of clay layer thickness. Appearan€ea@mall hump at smaller anglé 2
2.6 with basal spacing 3.39 nm is observed in surfacteeated clay, such a shift
indicates that the clay gallery has been expandethdorporating surfactant. Similar

morphology is observed for surface treated clay NEdure 9 C).
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Figure 9 (A). Intensity vs. angle of scattering@)(fr raw clay NC2.
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Figure 9 (B). Intensity vs. angle of scattering)(for surface treated clay NC2.

Figure 9 (C). Intensity vs. angle of scatterin@)(r surface treated clay NC1.

31



4.1.2 Transmission Electron Microscopy

TEM image of 5NC2 (5 wt% nanoclay type 2) nanodagnposite is shown in Figure 10.
This image indicates a mixed morphology, where Isindouble, or triple layers are
exfoliated. Aggregated tactoids are also presertis type of morphology has been
reported for PP and polystyrene composites. Thktyabo exfoliate and randomly

disperse the layered silicate in a medium is rdlate a number of factors such as
exchange capacity of silicate, polarity of polymenemical nature of organic modifier,
and mixing conditions. Similar morphology was ated for 5NC1 (5 wt% nanoclay

type 1).

Figure 10. TEM image of 5NC2 (5 wt% nanoclay t@)aanoclay composite.
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4.2 Mechanical Properties

The results for tensile testing are shown in Figlte Comparison of Young’s moduli

from two different clay types is made. Data isadeéd from dumbbell shaped samples
containing 2, 5, and 8 wt% clay loadings. The ahtaristic behavior of PP / clay

nanocomposite materials is observed. There imarease in Young’s modulus. The
amount of change in mechanical properties is dyeetated to the quantity of clay used

in nanocomposite. By the addition of 2 wt% NC1u¥ig's modulus increases by 2% as
compared to pure polymer. However, adding 5 wt%1N@odulus increases

dramatically by 20%, and for 8 wt% NC1 loadingeaches to a maximum of 28%. In

the case of NC2, Young's increases by about 12% 8ivt% clay loadings as indicated

in Figure 11.
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Figure 11. Young’s modulus for various clay loagiff1010P — NC1; 1010N — NC2).

The increase in Young's modulus may be attributeeffective stress transfer
from polymer matrix to fillers. In present casecrease in Young’s modulus is more
pronounced by using nanoclay NC1 than NC2. Redsoithis may be higher layer
charge density (indicated by higher CEC), and sylbsatly higher alkyl ammonium
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content in NC1 than NC2. This may lead to strongtarfacial interaction of NC1 with
polymer than NC2. Generally stronger interfaceenattions reduce the stress

concentration, and hence enhances Young’s modulus.

Only slight enhancement in tensile strength overeppolymer is observed as
shown in Figure 12. Some reasons for this may less interaction between polymer
matrix and filler layers, more tactoid / intercadat formation compared to exfoliation,
amount of MA—g—PP used. The reason for less iseremay be attributed to
inappropriate MA-g-PP concentration used to prepareocomposite. Work by Reichert
et. al. revealed® that considerable tensile strength enhancemeritl tmiachieved only
when appropriate MA—g-PP compatibilizers were usedprepare nanocomposite.
Okadaet. al.reported only slight improvement in tensile strigcompared to virgin
PP. Suet. al.reported degradation of tensile strerifjtis compared to pure polymer in

case of PS / clay nanocomposites.
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Figure 12. Tensile strength for various clay loadi (1010P — NC1; 1010N — NC2).

Nanocomposite researchers are generally interastéde tensile properties of
final materials, there are very few reports coniceyrthe flexural properties of neat
polymer and its nanocomposites. Rely al. reported® the detailed measurement of
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flexural properties of neat polymer and polymefedll with nanofillers. They have

reported a maximum increase of 21% in flexural moslas compared to neat polymer.
In present work, we report an increase in flexaratlulus by 15% with 8 wt% loading of

NC1, and 6% with 8 wt% NC2 as shown in Figure 13.
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Figure 13. Flexural modulus for various clay loagh (1010P — NC1; 1010N — NC2).

Although significant enhancement in Young’s modudngl flexural modulus has
been achieved, this improvement is offset by tlieiced elongation at break and impact
strength of nanocomposite materials. The relatignbetween elongation at break and
clay content is shown in graph. Elongation at briéast increases by 8% with 2 wt%
NC1. It decreases to 33% with 8 wt% loading. R@2, the decrease is by 17% for 8
wt% loadings as shown in Figure 14.
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Figure 14. Elongation at break for various clegdmgs (1010P — NC1; 1010N — NC2).

There is a decrease in the impact strength of RBammnposites compared to the
pure PP as expected (Figure 15). This may be dummiscible aggregates of clay
acting as defects and stress concentrators, whightroontribute to failure even if they

are present only at low concentrations.

90;
80 - [ ]

70 . *
60 -
50

¢ 1010P

40 - = 1010N

30 A

Impact strength(J/m)

20 A
10 -

O T T T T
0 2 4 6 8 10
Clay loading(%)

Figure 15. Impact strength for various clay loagi(1010P — NC1; 1010N — NC2).
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The relationship between modulus and strengthasvshin Figure 16. Modulus
and impact strength characterize the potentiaéfal use performance of nanocomposite

in automotive industry.
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Figure 16. Flexural modulus vs. impact strength Viarious clay loadings (Pure PP,
1010P — NC1; 1010N — NC2).

Although flexural modulus increases with increasifiger loadings, impact
strength decreases. Previous work done by seresa@hrch groups suggests that mixed

intercalated / exfoliated structure can be usedctueve a balance of high modulus and

impact*°
4.3 Fracture Analysis using Scanning Electron
Microscopy

SEM images were taken from fractured surface osikersamples. The micrographs
shows that fracture surface of unfilled PP, 2NCIv{26 NC1), and 8NC1 (8 wt% NC1)

are shown in Figure 17 A, B, and C, respectiveRgidges and valleys observed on
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fractured surface of unfilled PP indicate ductrgcture mode. This may be correlated to
data obtained from elongation at break. Unfillétldhows more elongation at break than
clay filled samples.

T EHT = 20.00 KV

EHT=20.00kV  Signal A=SE1  Date :10 Jun 2008
Time 17:47:42

[ 1opm

9mm Mag= 1.00KX

Figure 17 B. SEM image of fractured surface of 2ANZ wt% NC1).
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F

Figure 17 C. SEM image of fractured surface of aNEwt% NC1).

Impact strength behavior can also be explained &M micrographs. More
surface roughness indicates that more energy vesgpdted during fracture of unfilled
PP. This explains higher impact strength of puofymer as compared to PP clay

nanocomposites.

4.4 Melt Flow Index Test

Understanding the melt flow properties of nanocosites is important in gaining a
fundamental knowledge of the processability ofriegerial. Figure 18 shows some MFI
values for pure PP and NC1 and NC2 clay nanocongsosiMF| decreases from 24
g/10min to about 22, 20, and 16 g/10min for botmesyof 2, 5, and 8 wt% composites,
respectively. Decrease in MFI can be offset byirmmease of 20-30% in Young's or

flexural modulus, which makes thin walling of agtamponents more easier.
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Figure 18. MFI of pure PP, and NC1 (1010P) and NITAON) clay nanocomposites.

4.5 Thermogravimetric Analysis

TGA curves of filled and unfilled PP are shown iglte 19. Residue of unfilled PP at
600 °C was almost close to 0%. For filled commssiresidue was about 1.2, 2.8, and
4.4 wt% for 2, 5, and 8 wt% loadings of nanoclaysok was the targeted amount in the
samples. The difference in clay contents may be tduthe fact that the volatiles and
other organics that were used for surface modiboamight have decomposed (which

would have contributed to the total weight otheeis

Initial decomposition temperatures of clay fillecanocomposites are higher
compared to unfilled PP. At about 410 °C, weigbds| of unfilled PP is about 25%,
whereas weight loss of clays filled PP is about 10%apid decrease in weight
percentage of clay filled nanocomposites is du¢h® burning of organic molecules
present in the organoclay. Uniflled PP and PP+ gA2P being uniform resin molecule

showing a gradual trend.

The unfilled PP started to decompose around 380-2D0 whereas the

composites started to decompose around 410-425Tids analysis showed delayed

4C



decomposition for the clay filled PP. This typeb&havior has been reported earlier for
PMMA / montnorillonite clay nanocomposites. Impeov thermal stability of
nanocomposite was attributed to its structure at ageto restricted thermal motion of
polymer in the intergallery of clay platelets. Awrease of 40 to 50 °C in decomposition
temperature was observed compared to unfilled PMNPRMS / clay nanocomposites
showed an increase of 140 °C in decomposition tesmypee compared to pure PDMS
network. One reason for this improved thermaliStathas been attributed to hindered

out diffusion of volatile decomposition productghwn the nanocomposite.
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Figure 19: TGA curves for filled and unfilled PBrmocomposites.

4.6 Burn Rate Test

Literature reporfS suggest that flammability and barrier propertiesve similar trends,
however no direct quantitative correlation is répdr Therefore, to estimate trend of

barrier properties burn rate test was conductepuoa PP, 2NC1 (2 wt% filled NC1) and
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2NC2 (2 wt% filled NC2). As expected burn rate BRMC1 decreased by 6%, and for
2NC2, it decreased by 1% from that of pure PP. eRil nanocomposite in bringing
about a reduction in burn rate may be due to thedtion of a barrier, which impedes
mass transport and insulates the underlying polyfnem heat source. Higher
concentration of organic molecules (present in ¢lay modifier and MA-g—PP) will
increase burn rate. Furthermore, incomplete eatioln would increase burn rate.
Decrease in burn rate, in the case for 2 wt% dlesdfPP composites, can be correlated
to increased thermal stability of nanocompositeis asdicated by TGA curves. This can
be correlated correlated to XRD data, which indisaihcreased basdlspacingfrom
1.60 nm to 3.39 nm by incorporating polymer in dayers. And TEM images exhibit a
mixed morphology. However more experiments basedame calorimeter and oxygen
transmission rate would support the enhanced Ibgorigperties of polypropylene clay

nanocomposites.
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Chapter 5

Conclusions

A comparative study of mechanical, thermal, andnftability properties of PP / clay
nanocomposites was done using two different typetag. XRD and TEM were used to
characterize the morphology of the nanoccomposi¥RD indicated that the long alkyl
chains (modifier) intercalated between the clayetayincreasing thd spacing. TEM

exhibited a mixed morphology — presence of tactoidsercalated and exfoliated

structures.

Depending on the clay loading and clay type, Yoarag well as flexural modulus
increased between 10 and 30%. For clay type 1 8vitfi% loading, Young's modulus
increased by 28%, and flexural modulus increased38p. For clay type 2 with 8 wt%
loading, Young's modulus increased by 12%, anduilak modulus increased by 6%.
There were decreases in elongation at break anacinsfrength for the clay filled PP, but
was not significant enough to conclude that theal/enechanical properties deteriorated
dramatically. Toughness of the material decreasdtth increasing clay content.
Therefore, to obtain proper balance of flexural olad and impact strength control over
microstructure is required. Scanning electron agcaph images showed that fracture of

filled and unfilled PP was ductile in nature.

Thermal gravimetric analysis indicated that they dibed PP composites showed
delayed decomposition. Improved thermal stabiitynanocomposite was attributed to
its structure as well as to restricted thermal omtf polymer in the intergallery of clay
platelets. One reason for this improved thermaisty has been attributed to hindered
out diffusion of volatile decomposition products thun the nanocomposite.
Improvement of 6% in flammability properties witha2% clay type 1 is reported. Burn
rate for 2NC1 decreased by 6%, and for 2NC2, itessed by 1% from that of pure PP.

Role of nanocomposite in bringing about a reduciiorburn rate may be due to the
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formation of a barrier, which impedes mass transpord insulates the underlying

polymer from heat source.

Nanocomposite formed from clay type 1 NC1 showetdebeémprovement in
mechanical and barrier properties than nanocongs$trmed from clay type 2 NC2.
The reason for this might be higher CEC numbedifento better interfacial interaction
between clay type 1 NC1 and polymer matrix. Themesf dispersion and extent of
exfoliation of clay in polymer matrix is criticalot achieve required property

enhancement.

Aggregated tactoids or other impurities can acstasss concentrators, where
crack initiation and propagation is possible, résgl in deteriorating mechanical
properties compared to the unfilled polymer. Sisz®, shape, type, and properties of
fillers, surface treatment of particles, compaizeif, polymer matrix, degree of
dispersion, interfacial interaction, processingdibans, etc. influence the properties of

the final composite, care should be taken to estabite factors to obtain materials.
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Chapter 6

Future Work

Future research work will include choosing a hontpmer polypropylene and nylon as

matrices. Nylon does not need compatibilizer, iungleasier to mix clay with nylon. As

the amount of intercalant or MA—g—PP increasesn biate increases. Therefore, it is
imperative to select the optimum amount of surfaoelifier and MA—g—PP. Challenges
(mentioned in Sections 1.3 and 2.8) need to beeaddd when the clay is modified, MA—
g—PP is chosen, or polymer clay nanocomposite acgased. Some challenges in
processing polymer clay nanocomposites are: teeaehuniform surface treatment of
clay layers; to maximize dispersion of filler peles in the polymer matrix; to increase
interaction between polymer matrix and filler pelgs; and to prevent re—agglomeration

of filler particles during processing.

Differential scanning calorimeter will be used tetermine the crystallization
temperature of filled and unfilled polymer clay t®ms. Higher crystallization
temperature will translate to reduced mold cyateeti which will lead to cost reduction
when molding auto components. Dynamic mechanitalysais will be done to study the
effect of temperature on modulus of the materiafcratch resistance testing will be
carried out. Additional experiments for both fillend unfilled polymer clay systems
will be carried out for flammability and oxygen isanission rate tests.

If mechanical and barrier properties are satisfgyctand thin walling of auto
components is possible, then resistance of filletdesns to ultraviolet or Xenon arc will
be tested. These tests will be useful to evaltredeasibility of implementing polymer
clay nanocomposites in the automotive industry.m&xzomponents that can be made
using polymer clay nanocomposites are: instrunpanel, body side claddings, bumper

fascia, plastic fuel tank, etc.
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Finally, if polymer clay composites are to be a#lil to their fullest value in terms
of price / performance ratio, then the followingnits have to be taken into consideration:
existing challenges need to be understood throegkarch and analysis; innovative
solutions should be developed through collaborati@tween suppliers and original
equipment manufacturers; and existing manufaaguinifrastructure should be utilized

whenever possible.
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