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ABSTRACT

Polypropylene continues to be the mainstream chtbieenoplastic for automotive applications.
In many applications PP is filled with mineral dits for improvement of properties. Biobased
natural fillers or fibres are attractive materitdsreduce the weight because of the low specific

gravity of the biobased materials compared to tiveral fillers.

Our group has done extensive research on the dgeweltt of wheat straw fiber in
thermoplastics in the past years. It is very impatrto understand the behaviour of single fillers
on composites before studying the effects of mixiiligrs or fibers (hybridization). The
objective of this study is to evaluate and compsystematically the effects of wheat straw and
mineral fillers in the polypropylene matrix. Theidy includes two types of wheat straw (WS)
categorized based on their size (fine WS and medN®) and three different types of natural
minerals (Talc, Mica and Wollastonite). Three typégolypropylene (PP), Homopolymer PP,
High Impact Copolymer PP and Homopolymer-Copolymknd PP, were investigated as the
matrix. This study also evaluates the effect of oimimg two fillers (WS and mineral filler) in
the hybrid composite. The fillers were formulatadhree different percentages (20, 30 and 40wt
%) and compounded via extrusion. Samples for alintdations were prepared by injection
molding. The mechanical properties (flexural moduland strength, tensile modulus and
strength, impact strength), water absorption anithewere measured. The properties of hybrid
composites were evaluated by varying the amountsvoffillers at 10wt%-20wt%, 15wt%-
15wt% and 20wt%-10wt% each, keeping the overaddrfitontent constant at 30wt%.

The effect of type of filler, filler size and fillecontent were critical in this work. The results
obtained from this study indicated that filler typ@d filler content greatly influenced the
mechanical properties and water absorption charsiits of the composites. The flexural
modulus increased with increasing filler contehtwés interesting to observe that though the
impact strength decreased with the addition odrl] increasing the filler content from 20 to 40
wt% did not affect the property. With respect tbfidlers, wollastonite improved the mechanical
properties significantly. Increasing the amounW content reduced the composite’s resistance
to water absorption. Among mineral fillers, mideowed significantly higher percentage gain in

weight with water absorption. Combination of fideat varying percentages did not have any



synergy effect on the mechanical behaviour of tihramosite. The percentage increase in weight
with water absorption was observed to be increasiity increasing WS content in hybrid
composites, but significantly lower than pure Waposites. The morphological study on WS

composites revealed improved interaction of filleth homopolymer and polypropylene blend.
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1 INTRODUCTION

Researchers are aiming for exceptional low cost dodable materials for automotive
applications. Plastics, due to their relative loast¢ reduced weight, recyclability, corrosion
resistance and good strength, have now revolugdniany industries and substituted the use of
metals in many applications in the automobile imdudt is reported that a pound of plastic or
plastic composites can replace 3-4 pounds of heaelals, while retaining the properties
(Racine, 2010). Thermoplastics such as polyetleyi&tE), polypropylene (PP), polyurethane
(PU), acrylonitrile butadiene styrene (ABS) andestpolymers are used widely in the exterior,
interior and under the bonnet applications. Polyomemposites gained wide acceptance mainly
due to their ability to reduce weight and enharafetg at low cost. Various types of organic and
inorganic fillers are used in thermoplastic comfessiSome of the synthetic fillers include glass
fibre, carbon fibre, graphite and boron fibres.

The use of mineral particulate fillers has beeivihg in the industries for many years and it still
continues to attract researchers and scientistaiious fields. Functional fillers are not only
used to reduce cost of the bulk material but almwesas a means to improve the mechanical
properties of composite materials. A large peragmtaf natural minerals are used with
polyolefins although there are reports showinguie with other neat polymers as well (Svab
2005, Rothon 1999). The incorporation of minerdes is known to improve the strength,
rigidity, stiffness, modulus, crystallinity and demsional stability of polymer composite. The
fillers also have adverse effect on impact strergftthe composite. All these properties are
highly influenced not only by size, type and corication of fillers but also by the interaction
between the matrix and the filler. Some of the ipaldte fillers used with polyolefins are

calcium carbonate, talc, mica, kaolin, wollastomitel silica.

Due to environmental concerns, the urge to use raocoefriendly, renewable and compostable
resources as fillers in composites is progressimg l@gher rate. Researchers have investigated
the use of several bio-fibres such as flax, hene, sisal and wood as filler or reinforcement for
polymer composites. Low weight and low cost of ¢hébres make them even more attractive.

Due to the depleting wood resources and the ceshiad in manufacturing processes, the use of



agricultural byproducts as bio-based fillers in pasites is gaining grounds in several industrial
sectors. Agricultural residues such as wheat saad rice straw are sustainable alternatives.
Despite the inherent hydrophilicity, like other midiller or fibres, wheat straw continues to be in
high demand due to its availability, weight andteeffectiveness. Several physical and chemical
modification methods have been developed to rethedydrophilic nature of WS and improve

the interfacial interaction with hydrophobic polymmeatrices.

1.1 MOTIVATION AND OBJECTIVES

Several attempts have been made earlier to stedynéthanical behaviour and water absorption
characteristics of single fillers in thermoplastitdo efforts are put forward to compare and
analyze the properties of bio-based fibre such lsatvstraw and mineral fillers such as talc,

mica and wollastonite on polypropylene composites.

Hybridization is a result of combination of twomore fillers in a common matrix. The blending
of bio-fibres and natural mineral fillers in comges seems to be an interesting alternative for
reducing the water absorption characteristic offliice composites. Another added advantage is
the synergistic effect on properties obtained bylaiaing two fillers. Though there are several
literature studies on the effect of hybridizationfiders in composites, limited study has been

done on combination of wheat straw fibres and nailsen PP composites.

The present study aimed at doing a systematic cosgpaof the properties of fine wheat straw,
medium wheat straw, talc, mica and wollastonitéerl on homopolymer, copolymer and
polypropylene blend while evaluating the potent@l weight savings in polypropylene
thermoplastics. The second part of the work aintecbenbining two fillers — wheat straw and
mineral filler simultaneously to study the hybricoperties and synergy effect produced on PP

composites.



1.2 ORGANIZATION OF THESIS

The thesis is organized in 7 chapters as deschbkmxlv:

Chapter 1 -ntroduction : The chapter provides an introductory openinght research thesis

with emphasis on motivations, objectives and ptgpemn.

Chapter 2 -Literature Review: This chapter covers a literature study carrietlasupart of the

thesis, which mainly discusses various thermomastind thermoplastic composites used in
automotive applications. It also covers topics saslpolypropylene processing, bio-based and
natural mineral fillers. The composite compositiand characterization methods are also

introduced in this section.

Chapter 3 -Materials and Methods This chapter discusses the different types ofgropylene
matrices and fillers used in the preparation of ¢benposites. The processing methods and

characterization techniques used to evaluate thgepties of the composites are also discussed.
The results and discussions section is dividedtim®e main chapters, as follows:

Chapter 4 Results and Discussions Polypropylene Matrix: The results of the composite
preparation and characterization methods are peerhis chapter compares and analyzes the

properties of pure PP resins (without any fillersgd in this research work.

Chapter 5 -Results and Discussions- Polypropylene Filler Composites A discussion and
systematic comparison of the results obtainedif@la filler PP composites are presented in this

chapter.

Chapter 6 Results and Discussions Polypropylene Hybrid Composites In this chapter, the
graphical representations, along with the discussibthe results obtained for Polypropylene
hybrid composites made of two different fillers \arying compositions are systematically
presented.

Chapter 7 —Conclusions and Recommendations This chapter summarizes the main

conclusions derived from the previous three chapad provides suggestions for future work.



1.3 PROJECT PLAN

Figure 1.1 represents a systematic approach forsthdy involving the initial process of
composite preparation to testing their propertied eomparing the results. The design reflects
three different polypropylene resins and five dif& fillers used in the study. The formulations
for the matrices, fillers, hybrid fillers, coupliragents and antioxidants are also included in the
plan. The sample processing was carried out by oanging with twin screw extruder and by
injection moulding for preparation of composite @peens. The various testing methods for

measuring the physical properties of the compositeslso illustrated in Figurel.1.
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2 LITERATURE REVIEW

2.1 THERMOPLASTIC COMPOSITES IN AUTOMOTIVE APPLICATIONS

A composite is a mixture of two or more differentlystinct materials having different

properties; such that the final combination hasrowed properties that cannot be achieved
by the individual materials. Thermoplastics aresth@olymers that can be processed by
using temperature, that is, which can be remeltetiramolded into different shapes and yet
retain their properties. On the contrary, thermasgtplastics cannot be reshaped further

after the initial hardening. Thermoplastic materiate classified into four categories:

» Commodity thermoplastics
» Engineering thermoplastics
» Thermoplastic elastomers or rubbers

* Blends or alloys

Thermoplastic composites are those materials whiehformed by the combination of a
thermoplastic (component 1 in composite) whichhis matrix (often called the continuous
phase) and fillers or fibers (component 2 in contpdsvhich is the dispersed phase. Some
examples of mineral dispersed phase include gldmssf talc, mica, wollastonite and
calcium carbonate and bio-fiber dispersed phadler(br fiber) include wood flour, wheat

straw, jute, sisal, cotton, soy, paper etc.

Thermoplastic composites have a widespread apigiicalue to their enhanced properties
such as good strength, thermal stability, chemieadistance, impact strength, good
dimensional stability and relatively low cost. Thaye widely used in flexible and rigid
packaging, automotive applications, sports goodsctrécal insulations, building and

constructions, medical applications, tools and,tggsden and other outdoor applications.



Various thermoplastics and their applications itoenotive industry are listed in Table 2.1.

Table 2.1Thermoplastics and their Automotive Applications

Thermoplastics

Automotive Applications

Polyethylene

Interior covering for dash boards, door

panels, consoles, boot interiors, hand grips

PE foam adhesives for fixing spoilers, rear
and front lights, body side protective
mouldings. Crosslinked PE — sound

deadening, carpeting, boot mats

Polypropylene/ Copolymer/ Elastomer
modified blends

Accelerator pedals, Dome lights, Kick
panels, Door frame parts, Car battery case

Bumpers, Radiator grilles, Fascia panels

Polymethylmethacrylate

Steering wheel plaques

Fascia paneling

Polyamides (Nylon 46)

Automatic gears, Gear bokegjine

differentials, Clutch area, Car radiator part

Polyacetals

Pump impellers

Carburetor bodies

Injection molded polycarbonate,

polycarbonate-ABS alloys

Decorative Bezels, Optical reflectors,

Instrument panels, Air vents, Cowl panels,
Wheel covers, Rear light chassis, Headlan
houses, Central electrical control boxes,

Loudspeaker grilles, Window trim

[v2}

LY

Acrylonitrile Butadiene Styrene

Fascia panels, Doorers, Door handles,

Radiator grilles, Ventilation system




components, Heater housings, Seat belt
fastenings, Console panels, Loudspeaker

housings, Interior trim

Polyurethanes

Seat foam, Arm rest and head resisdS
absorption and vibration dampening,
Bumpers, Airbag covers, Window

encapsulation

Polybutylene Terephthalate

Small interior mouldirgsshtrays, foot
pedals, door handles, safety belt compone

Exterior — windscreen wipe holders, exterior

mirror housings

Thermoplastic polyolefin rubbers (TPO)

Convolutetidows, flexible diaphragms,
protective sleeving, steering gear boots,
torque couplings and tubings, car bumpers
radiator grilles, door gaskets, headlight

surrounds

Polyphenylene oxides (Styrenic modified
PPQO’s)

Instrumental panels, steering column

cladding, central consoles, loudspeaker

nts,

housing, ventilator grilles, nozzles and parcel

shelves

Plastics are now inevitable in the automotive itdusThe ease of processing, reduced

weight, resistance to chemicals, high heat and redistance, greater stiffness, high

temperature performance, wear resistance, noisactied, vibration dampening, high

flowability and productivity are some of the projes which make polymers superior to

metals in automobiles. A typical vehicle weighiagund 1,200 kg contains approximately



10% to 15% of plastic components used for bodyspamterior trim, instrument panels and
headlamps. Seats, padded safety components faromsteand sound insulation wings are
made up of polyurethane foams (thermosetting) wheocompass another 2.6% of the
polymer used in cars (Drake 1998). An additional @plastic materials are used in surface
coatings, undersealants, textiles and carpetifihets for tyres, engine mountings, gaskets,
drive belts and service fluids like break and aegfe fluids. In the early #1century, an
average car contained around 75kg — 100kg of plastnponents (Brydon 1999).

This chapter will focus on the automotive applica of polypropylene (PP) based
thermoplastic composites. The principle objectivéhes project is to study and compare the
properties of different types of polypropylene,agmf straw fiber and types of mineral filler
on the properties of thermoplastic composites matufed by injection molding for use in

the automotive industry.

Table 2.2Merits and Demerits of PP for its Use in Automotimdustry

Merits Demerits
Chemical resistance Anisotropic shrinkage
Low density Warp tendency
Environmental stress cracking resistan&nk marks
Recyclability Visibility of weld lines
Inline coloring Scratch resistance
Broad processing window Pretreatment for painting
Acoustics
Low price

Over recent years, polypropylene has been growang rapidly and is now an indispensable
choice in the automotive sector. A wide range tédi and unfilled PP makes their way to
exterior, interior and under-the-bonnet automotiapplications. Polypropylene is so

demanding because of ease of processing, low amhpared to poly[acrylonitrile-
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butadiene-styrene], polyamide or polycarbonatepdgbalance of mechanical strength, low
specific gravity, excellent weatherability, cololdl, chemical resistance and thermal
stability. Being 15-20% lighter than other polymdtsambodies a significant weight saving
in car parts. Some of the advantages and disadyemtaf PP for automobiles have been
listed in Table 2.2 (SABIC Polypropylenes solutfonautomotive demands: Jan 2005).
Figure 2.1 shows the different grades of polyprepgl compounds and their inherent
properties for automotive applications (Moritomil®). Some of the requirements for PP to
be used in automobiles have also been listed iteTAB.

Impact Reinforcement (Colorant)
Block PP (Impact PP) modifier filler Additives
Hpmi’l? EP Copolymer
(P part) (EP part)

3 A A 5

Y e —— |

: 5 ! Process stability

Weatherability

Stiffness, Mold shrinkage |

Impact resistance, Mold shrinkage, paintability,

| Flowability, Stiffness |
Surface appearance (Flow mark, Weld line, Gloss)

Figure 2.1 PP Compounds for Automobiles (Moritoi®i Q)
Table 2.3PP Property Requirements

Location Application (car part) Property requirements
- Bumpers - High flow
- Bumper spoilers - Good processability
- Lateral sidings - No surface defects
- Body panels - Good paintability
Exterior - Wheel arch liners - Good thermal stability

Good dimensional stability
High UV resistance

High impact strength at low
temperature

Damage tolerance
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Interior

Trim components
Dashboards
Glove box

Pillar claddings
Door pockets
Door panels
Console bins
Chairs

Good scratch resistance
Low smell

Low emission

Medium to high impact
Good dimensional stability
High flow

Low gloss
Sound-dampening

Under-the-Hood

Battery cases
Electronic housings
Heating ventilation AC
Air ducts

Break fluid reservoirs
Engine covers

Water pump housings
Fuel rails

High temperature resistance
Chemical resistance
Wear resistance
Good shrink and warp
control

Sound dampening
High strength
Toughness

Durability

2.2 POLYPROPYLENE : PROCESSING TECHNIQUES

Polypropylene is a semi-crystalline thermoplastatyplefin resin invented in the early
1950’s. It continues to be a fast growing commogigstic in many markets today. It has a
low density of 0.90g/cthcompared to other thermoplastics. This is becafighe type of

crystallinity favored by the methyl group substittien its backbone as shown in Figure 2.2.

CHs
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Figure 2.2Structure of Polypropylene



The crystallinity and high molecular weight of ghelymer is due to the use of a special type
of polymerization catalyst invented by Natta andwarkers in 1955 (Moore 1996With
proper catalyst selection it is possible to conttbe stereoregularity during the
polymerization. Polypropylene can be prepared redtdifferent types of tacticity: namely
isotacticity, syndiotacticity and atacticity. Isot& polymer is formed when all the methyl
groups arrange themselves on one side of the baekthoe to stereoregular insertion of the
propylene during polymerization. A polymer chairs&d to be syndiotactic when the methyl
groups arrange alternately above and below theegtédmain chain backbone. When there is
a random configuration of the methyl groups, they known to be atactic. The different
forms of stereoregularity are shown in Figure ZI&e level of stereoregularity can be

controlled by controlling the polymerization catstty and polymerization conditions.

ﬂ.] >
\s

WW\ .-""G'\..
'?'H

C

Figure 2.3Stereoregularity in PP chain-Isotactic, Syndiotaatid Atactic
(Calhoun, Peacock 2006)

Polypropylene can be processed using a wide vaoktpanufacturing technigues such as

injection molding, blow molding, profile extrusi@nd thermoforming (Maier 1998). Due to

12



its inherent nature of low density, good chemieaistance, broad processing window and
excellent property balance, PP can be processeduito different applications. Flow
properties, thermal properties, shrinkage and war@re the main factors affecting the

processing of a material.

Processing, in general, includes all the stepsroogubetween polymerization and formation
of end products. There involves three steps irptbeessing of any thermoplastic polyolefin
and they are: 1) Heating, 2) Forming/Molding and@)oling. The division of various

processing techniques is shown in Figure 2.4.

Polypropylene processing
methods

23% M Injection moulding

31% H Blow molding
Fibre and filament
0,
3% m Film
Sheet
12% 2% ,
MW Other extrusion

Unspecified

29%

Figure 2.4Processing methods for PP, USA, 1996 (Maier 1998)

EXTRUSION

Polypropylene, a versatile thermoplastic resin, lmaformed into fibres, filaments, films,
sheets etc. This is done through extrusion whicworsidered the single most accepted
process for forming PP. Good melt strength, lowcpssing temperature, broad processing
window are some of the unique characteristics whitdible PP to be extruded into various
forms. Around 66% (Figure 2.5) of PP extrusion go&s the manufacturing of carpet yarns,

upholstery fabrics, ropes, cords, strapping, &tai¢r 1998).
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Polypropylene Extrusion
s% 2% Processes

27% M Fibre and filament
Film
MW Sheet

B Other extrusion

Figure 2.9Polypropylene extrusion processes, USA, 1996 (MESSS)

Extrusion is a continuous process which resulta semi-finished product and needs to be
processed yet again to make the end product. Andeet consists of a rotating screw (single
screw or twin screws), which is motor driven, fiti@to a barrel. At the inlet of the barrel is a
feed throat provided to feed the material in thenf@f powder or pellets. As the material is
conveyed through the screws, the mixing and shgaation of the screw and the heating
devices inside the barrel heats and melts the raht&here is a pressure build up at the die
end of the extruder as the extrudate flows outthrslextrusion pressure is typically in the
range of 1000 to 5000 psi (Maier 1998krew speed, screw geometry and melt viscosity are
the important parameters which determine the outptg of the extruder. The molten
material pumped out through the die is then coated water bath. It is then pelletized for
further processing required. The temperature inthdebarrel is set in the melting range of
PP.

Twin screws are normally used when mixing or conmuidig and homogenization of the
melt becomes crucial to the final product. In matar, they are used when additives or
fillers need to be incorporated into the polymeniatrix to form composites. In general, there

are three zones represented in a screw (Figure 2.6)

1. Feed zone - Material or thermoplastic resin isdad conveyed through the extruder
screws.
2. Melting and Compression zone — Friction, compressiad the heating devices in the

barrel completely melt the plastic material in thise.
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3. Metering zone - Further mixing takes place to easuniform temperature throughout

the material.

Hopper

Screw I
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Figure 2.6Schematic Diagram of an Extruder, Source: TadmbenkL970

(Kog 2009)

INJECTION MOLDING

Injection molding is one of the most widely usednefacturing methods for polypropylene
products. In this process, polymer resin in thenfarf pellets or powder is fed and conveyed
through a rotating screw where it mixes, softend @elts due to high temperature (above
the melting point of the polymer). It is then injed into a mold (or cavity) under pressure. A
ram pushes the molten material forward into thedntile shot should fill the mold cavity
and keep the pressure inside the mold until the/npet starts solidifying. The mold
temperature is maintained below %5 (Frank 1968). The mold remains closed until the p
solidifies. Adequate time is given before openihg mold. The mold is then cooled and
opened for ejecting the rigid PP parts. There carsdveral mold cavities in a single mold
enabling production of multiple parts at one sHamiformity of part thickness and part

appearance are the two main challenges in injectiolding. The main parameters that are
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considered are ram pressure, polymer melt tempetatmolding cycle and polymer
processability. Polypropylene is an attractive choof resin for injection molding. A
schematic diagram for an injection mold is showfigure 2.7.

Injection chamber

A NG

(O]

Z,

Heating

Sprue Heater

Figure 2.7Schematic Diagram of a Screw - Injection Moldingdiime

(LongMold Technology Co. Ltd 2009)

This technique is predominantly used for produlsts tequire an elaborate geometry. Aside
from automotive, it is widely used in other apptioas like food storage containers, water
bottles which come in different shapes, appliantasls (like electric drills), luggages and
furnitures (outdoor tables and chairs). Ease ofding| stiffness, durability, light weight,
electrical properties and cost are the features éhable use of PP for such applications.
Injection molded homopolymer/copolymer PP with altnféiow index (MFI) around
25¢g/10min (Karian 1999) are used in medical appboa such as disposable syringes and
medical vials. Injection molded PP with 20% longsd fibre has showcased its use in Ford
cars instrument panel (Plastic News 2011).

BLOW MOLDING

Blow molding is a technique for manufacturing hallthermoplastic articles. Polypropylene

represents a share of about 3% of the overall biwalding market (Maier 1998). Blow
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molding is a discontinuous process involving extmsas well as blowing the molte
polymer extrudate by air. It begins with the praitut of a molten tube of polymer callec
parison or a préarm, using an extruder or injection molding regpay. This parison i
then placed between a split mold having llow cavity, as shown in theigure 2.8. The
mold is then closed while sealing the parison tubeair blowing device is fitted at one

the parison end, which will blow air into the pansand inflate it into the mold cavity. Th
the mold is cooled with water, solidifying the parside, to form the end product. The m

is then opened and part is ejected and trim
The 5 steps invged in blow molding process are summarized be

Plasticizing the thermoplastic re
Production of prderm or tube shaped polyn
Blowing the preform in a molc

Cooling and ejection of the molded

ok~ w0 DdPE

Trimming

Parison Extrusion Blow Molding Part Formed
(Cross-section) (Cross-section)
Air hose

Die head Mold

Molten
pastic

Molded part

Extruder Blow pin

¥ L -

NI

Cooling
lines.

Mold cavity

Parison Molded part

Mold half

Figure 2.85chematiof a Basic Extrusion Blow Molding ProcesSistomPartNet 20()



Random copolymer grades of PP are increasinglyrfgntheir way into the blow molding
market for production of bottles and containerseyfalso contribute to the automotive
applications such as expansion tanks, fluid resexyvducts and fenders and trims (Maier
1998). Increased transparency and melt strengtlthareharacteristic features which make
PP advantageous for such applications. Injectianvbholding is the suitable process for
manufacturing small, high production clear parteg&o 2004). Stretch blow molding has
also been put forth for use with polypropylenas itharacterized by increased transparency,
resistance to burst pressure and reduced perntgdMier 1998). Some of the advantages
and disadvantages of extrusion blow molding andctpn blow molding are shown in
Table 2.4

Table 2.Zxtrusion and Injection Blow Molding

Techniques Advantages Disadvantages

Extrusion Blow Molding | Lower tooling cost, Controlling parison swell,
Incorporation of blown Producing scrap,
handleware Limited wall thickness
control,

Plastic distribution

Injection Blow Molding No flash during High tooling cost,
processing, Longer start-up time,
Wall thickness control, Incorporation of only solig
Plastic distribution handlewares, restriction tp
control, small products

Higher accuracy

bottleneck finishes

THERMOFORMING

Thermoforming is a process in which thermoplastieets (pre-form) are formed into

different shapes using heat and pressure. Thigng thy first clamping the sheet on to a
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mold cavity (called female mold) and then drawimgwum (basic vacuum forming process)
so that the atmospheric air pressure pushes aodntethe sheet into the cavity. It is then
cooled for its shape to be maintained, ejectedtanumed. Factors such as forming force,
mold type, method of pre-stretching and materipbtrforms greatly affect the performance
of the final thermoformed product.

Other thermoforming processes include vacuum fogmimasic pressure forming, drape
thermoforming, plug assist thermoforming, and telreet thermoforming. Figure 2.9 shows

a schematic representation of a basic pressunmatiierming processing technique.

— Clamp

Preheated
plastic sheet

Air pressure inlet

Pressure box

Finished
part

S
Vacuum pump

Mold

Molded part

Figure 2.Basic Pressure Thermoforming Process (CustomPa20{s)

Very small amount of polypropylene was used forri@forming a decade ago, due to low

elasticity of semi crystalline polymers and low tmelrength of PP sheets, causing
processing complexities. With the recent develogmenPP materials and thermoforming

processes, a swift growth in this area is obser@hd oxygen barrier properties, chemical
resistance, stress crack resistance, high softggoimg, excellent toughness are some of the
useful properties of PP which make it exceptionateral for thermoforming. Applications

of thermoformed PP include food packaging like delntainers, cups for yogurt, chocolate
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packaging, disposable cold drink cups etc. andratieglical applications like blister packs

and pharmaceutical packaging (Figure 2.10).

Figure 2.1(qa) Disposable Products, (b) Blister Packaging

2.3 FILLERS

Fillers are substances which are added to improgt effectiveness of the base material.
Initially it was only thought to reduce cost by vethg the amount of expensive base
material but developments have brought forth ifeiémce in the properties of base material
as well. Those which helps in reducing cost aréedalExtenders and those which aid in
enhancing the properties are called Functionakisill The latter is incorporated for three

vital reasons:

» Property enhancement
e Cost reduction

* Improving and controlling of processing characterss

There are several classifications of fillers. Otessification is based on the geometry of the
filler namely fibers, flakes, spheres and partitagda In composites they are generally
classified according to their reinforcing charastécs and are called reinforcing, semi-

reinforcing and non-reinforcing fillers.
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Fibres are usually distinguished by their long el high aspect ratio. The influence of
fibers on polymer composites depends on its sizeleogth, shape, orientation and
composition. The optimum performance in composgasbtained if the load is acting along
the longitudinal axis of the fibres (Pandey 20®*pfessor Pandey also suggests that where a
high concentration of fibers is expected it is bstreate multidirectional orientation of
fibres in the composite. There are natural andmgtitt fibers. Synthetic fibres include glass
fibres, carbon fibres, graphite fibres and bordmwes. They have high modulus and good
thermal stability.

Particulate fillers can be organic or inorganicneture. Some of these fillers are acicular,
plate-like or fibrous in their morphology. See T@Bl5. The chemical nature of these fillers
determines the structure of mineral and also thereaof interaction between polymer and
filler (Rothon 2003).Many reports indicate the ability of particulatdieiis to act as
nucleating agents. This effect is typically showithwthe addition of talc mineral at low
concentrations in PP matrix (Karger-Kocsis 1995A).

Table 2.%article Morphology of Fillers

Shape Aspect Ratio Example

Cube 1 Feldspar and Calcite

Sphere 1 Glass spheres

Block 1-4 Quartz, calcite, silica, and barite

Plate 4-30 Kaolin, talc, and hydrous alumina

Flake 50-200 + + Mica, graphite and montmorillomsnoclays
Fiber 20-200 + + Wollastonite, glass fibres, carlbamotubes, wood

fibres, asbestos fibres, and carbon fibres

2.4 POLYPROPYLENE COMPOSITES

Polypropylene composites are a sub class of pdiyotmmposites. Additional functional

materials are added to polypropylene in order torawe the mechanical properties in a cost

21



effective manner such that they can be suited fioriese applications. These materials are
classified into different groups namely modifiempperty extenders and processing aids
(Nwabunma 2008)Antioxidants, light stabilizers, UV absorbers, pedexdecomposers,

nucleating agents, flame retardants, colorantgjdabts and blowing agents come under a
class of additives which are dispersed in the polyglene resin during several stages of
processing to provide resistance and also to stalihe base material. They also contribute

by improving the mechanical properties to a ceréitent.

Over the years several types of fillers have beeamse with polypropylene. Minerals such as
talc, calcium carbonate, mica, silica, glass fibieabon fibres, wollastonite and biobased
fibores such as wood flour, wheat straw, coconutefiute, sisal and kenaf have been
favorably used with PP either as fillers or as fazitements to provide better strength and
modulus to the composite. Most of the fillers aodap in nature, so there arise a problem of
reduced adhesion between the non polar matrix leengalar filler which can affect the final
properties of the composite. As a solution, sevengles of coupling agents or
compatibilizers were developed with the aim of impng the bonding. Literature studies
have shown that maleic anhydride grafted polyprepglis the most widely used coupling
agent for PP based composites (Jahani 2010, Réddyghd Jahani 2011).

A large variety of filled propylene composites &oend in vehicle’s interior, exterior and
under-the-bonnet applications. Long glass fibrefeeced PP have found its use as bumper
beams. Talc filled impact copolymer composites @sed in door and instrument panels
(Karian 1999). Low cost, ease of processing angictability of PP composites are paving
way to the rapid market growth in the automotivetse Figure 2.11 shows some of the

fillers used in automotive thermoplastic PP comiassi
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Micro Fiber Nanotubes Long Glass Fibers :
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Figure 2.1Fillers used in Thermoplastic Composites

2.4.1 NATURAL FIBRE POLYPROPYLENE COMPOSITES

The term natural fibre encompasses a wide rangmiaial (like wool or silk), plant (like hemp
and sisal) or mineral (like asbestos) fibres. Katfibres extracted from the stem or leaf part of
a plant is the subject of interest in the compositeld. They are often referred to as bio-based

fibers.

Plant fibre comprises of three major constitueramely cellulose, hemicellulose and lignin,
along with other small compounds like wax, pectiml dipids (Mussig 2010)The constituent
composition can vary depending on the species gedoé the plant (Mohanty, Misra et. al.
2005). The primary component cellulose is a lingalymer made up of 1,4-anhydroglucose
units, containing hydroxyl groups (See Figure 2ah® 2.13 for the structure of cellulose and a
schematic representation of plant cell wall). Thhegract and bond with adjacent molecules to

form fibres. Being the major component of fibrellldese imparts good strength, stiffness and
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structural stability. Hemicellulose is a branchedymer with molecular weight lower than that
of cellulose but they contribute to the structucalmponent of the fibre. Lignin is a high
molecular weight phenolic compound (biochemicalyp@r) which acts as a structural support
in plants. It is less polar than cellulose and iowes adhesiveness between fibres. The polarity
of bio-based fibres is one of the drawbacks whensiclering their use in composites with

polypropylene but it has been overcome by the agweént of coupling agents.

CH,OH H OH CHOH H OH
H‘<H U\—Dji o H\}' H A H__U\>I—ﬂ—~|‘f OH |-~;>{H
OH H H oJ‘: OH H H
HO | /H H / \ !; H HS I OH
H OH i m&mo H OH 1, q—l,ﬂﬂc

Figure 2.15tructure of Cellulose

Depending on the species and climatic conditiorsfibres can have different dimensions as
well as physiomechanical performances. The cekuloentent in fibre is believed to provide
good tensile and flexural property to the fibree8gth and stiffness characteristics of the fibre
directly depend on the internal structure and casitjpm of the fibre. Plant fibores have the
inherent advantage of being biodegradable and péssess low specific gravity. Besides,
thermal recyclability, renewability and low energynsumption are the other favorable factors.
All these characteristics of plant fibres prove amtageous for use in plastic composites

providing significant reinforcement and performairoprovement.
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With the recent motivation from many sectors in usily towards composites based on
renewable materials, bio-based fibres are being wsdely for PP composites to enhance the
performance of polypropylene. Extensive studiesehbgen done in this area and fibers like
wood, wheat straw, hemp, flax, sisal, jute and baonbave already found their application in
many sector. Though the properties imparted bybbed fibres are lower compared to synthetic
ones such as glass fibers (Table 2.6), the ovepaltific property of bio-based fibers offer great
advantages. The incorporation of natural fiber® itite polypropylene matrix improves the
stiffness, tensile strength and young’s modulusd(ie2010, Tajvidi 2003). Further, improved
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adhesion between the matrix and the lignocellulbbie with the addition of maleic anhydride
grafted polypropylene (MAPP) have been reporteth@amy work (Karnani 1997).

Table 2.6 Mechanical Properties of some of the @icgand Inorganic Fibers

(Clemons 2005)

Fiber/Fiber bundles Density Stiffness Strength t&ain

(g cm?®) (GPa) (MPa) (%)
Glass 2.49 70 2700 -
Kevlar 1.44 124 2800 2.5
Nylon-6 1.14 1.8-2.3 503-690 17-45
Polypropylene 0.91 1.6-24 170-325 80-100
Polyester (staple) 1.38 1.5-21 270-730 12-55
Flax 14-15 50-70 500-900 1.5-4.0
Hemp 1.48 30-60 300-son 2-4
Jute 13-15 20-55 200-500 2-3
Softwood 14 10-50 100-170 -
Harwood 1.4 10-70 90-180 -

There is a remarkable trend in the replacementetfis by plastic composites in the automotive
industry. In the last decade, several European loads door panels, seat backs, headliners,
package trays, dashboards and trunk liners madefdaib-fiber composites (Figure 2.14 ). The
trend has spread to the North American market dis(Weomas 2009). Interior trim components
such as dashboard are made using PP, hemp andliedahnson Controls Inc., for Daimler
Chrysler. The Adam Opal AG also uses flax filled édposites for interior trim applications
(Bledzki 2002).0ther applications include buildings and constaurddi— decking, claddings and

window frames using wood PP compositenitures and panels and aerospace applications.
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Figure 2.14Consumption of Bio-fibers within Western Europe ¢htas, Pothan 2009)

2.4.2 MINERAL FILLER - POLYPROPYLENE COMPOSITES

Minerals are abundantly available in nature andg therve as an important class of filler for
polymer composites. Most of the minerals are cfliyséaand possess a definite regular order of
atomic arrangement in their structure. The interat force, atom distance and separation are
critical for the crystalline atom arrangements. Ylaee linked together in a three dimensional
repeating network. All these factors determine fimal properties such as density, optical
properties, hardness and shape of the mineraleTaBllists the principal mineral fillers used in

plastics in Europe.
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Table 2. Mineral fillers used in Western Europe (Hancock200

Some types of mineral fillers used in plastics urdpe
Chemical compositiov||
Main  mineral| (simplistic ~ formulae
Filler (crystalline used for the silicate4,Shape
phase) see individual entriep
for details)
Natural calciumy Calcite CaCQ Aspect ratio about 3:1,
carbonate blocky
Talc Talc MgSiQ Platy
China clay Kaolinite AlO.2SiQ.2H,0 Platy
Calcined clay Metakaolinite ABIO; Low aspect ratio, platy
Calcined clay Amorphous A8IO;, Low aspect ratio, platy
Alumina Gibbsite Al(OH} Low aspect ratio, platy
trinydrate
Magnesium Brucite Mg(OH) Variable
hydroxide
Wollastonite Wollastonite CaSio Acicular
Mica Muscovite KFeMgAISIQ Platy
Mica Phlogopite KFeMgAISiQ Platy
Silica Quartz SIQ Cubic
Silica Amorphous Si® Aggregated

Minerals originate from rocks - igneous, sedimentar metamorphic rocks. Silicate minerals
such as talc, mica, wollastonite and kaolin arentbin igneous rocks. Large concentrations of
limestone (calcium carbonate) are found in the reedtary rocks. Magnesium hydroxide or
brucite, feldspar and chlorite are found in metgrhar rocks. Traces of wollastonite mineral are
also present in the metamorphic rocks. Hardnesene of the superior properties which
distinguish minerals. It is a measure of minera#sistance towards scratching. Among the 10
minerals whose hardness is known, talc has beetifidd to have the lowest hardness of 1 and
diamond has the highest hardness of 10 in Moh@ées@/Nypych 1993). Calcite, widely used

form of calcium carbonate has a Mohr’'s hardnessanid specific gravity of 2.7 g/cma3.
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Hancock and Rothon points out the importance ofnailfillers in the polymer industry (Rothon
2003). In early 2% century the consumption of minerals as fillersubbers and plastics were
estimated to be over 2.5 million tonnes per yeaNestern Europe (Hancock 2008 arbonates
and silicate minerals are the most widely use@rfllin composites. It is estimated that calcium
carbonate dominates the filler types used in PVE @oiyolefins with over 80% in regards to
volume consumption (Rothon 1999Farbonate group of minerals are classified as tealci
aragonite, and dolomite according to their différenystal structure. Out of these, calcite which
has a rhombohedral structure, plays an importdetas fillers. Calcium carbonate has a great
influence in reducing the cost of the base matenben used as filler. Good dispersion
characteristics, increased elastic modulus and dé¢mpg@rength, shrinkage reduction, good
coloration and excellent surface finish are advgedas characteristics of Cag@ineral filler.
Rothon quotes that in most cases mineral filledaice the toughness or impact strength of the
thermoplastic composite, whereas addition of caicicarbonate at 30 to 40 % loadings in

polypropylene can significantly increase the touggm(Rothon 1999).

Table 2.8Norld Filler Consumption in 1999 (Zweifel 2001)

Filler Calcium Talc Kaolin Wollastonite | Others
Carbonate
Share 66% 6% 6% 3% 19%

About one-third of all minerals belong to the silie family. Silicate minerals such as talc, mica,

wollastonite and clay minerals are used as fillers wide scale.

Addition of minerals enhances the mechanical ptogeilike stiffness and strength, thermal
resistance and maintains good dimensional stabilityomposites. The reduction in toughness
generally associated with addition of minerals tgitauted to factors like filler size, shape
distribution, filler surface treatment, polymer é/pnd testing equipment (Rothon 199@aolin
clay, china clay, bentonite clay and few othersobglto the class of clay minerals. It is known
that clay, when homogeneously dispersed in thenpelymatrix, can change the thermal and
flame resistance, mechanical properties and gasqadiility of the polymer (Sardhashti 2009).

Previous study indicated that bentonite clay caretbectively used as reinforcement for PP
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thermoplastic without the need of surface modifaat(Sarkar 2008). Significant increase in
tensile strength and toughness at as low as 5 malss2vas reported. Reports say that clay-PP
nanocomposites are being used for structural seaslkin Honda Acura (Gao 2004he surface
morphologies of some of the minerals are showngareé 2.15.
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Figure 2.19Morphologies of Different Minerals
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2.4.3 OTHER COMMON INORGANIC FILLERS AND GLASS FIBER

GLASS FIBRE

Glass fibre is a class of fibrous fillers. They sish of numerous fine fibres made of glass
comprising of silica oxide and traces of other @sidn their structure. E-glass and S-glass
are two main types of glass fibres. They are diassiaccording to their characteristics
properties. E-glass shows good electrical propenvbereas S-glass have good strength,
stiffness and high temperature resistance whichemiddem appropriate as a filler or
reinforcement material for composites.

Glass fibres were used as an insulation materidlthe scope of it being used as reinforcing
filler for polymer composites emerged. They arertist extensively used reinforcing filler
in thermoplastics. Glass fibre improves rigiditgnsile strength, flexural modulus, heat
deflection temperature and also provides good dsmeal stability to the composite. The
reinforcing effect depends on the type of fibreesof fibre, coupling agent and the matrix
used.

Chopped strands of glass fibres are generally uspdlypropylene at a loading of 5-30 wt%
in injection molding (Maier 1998). Glass mat reirdfed thermoplastic (GMT) commonly
consisting of PP as the base matrix shows enhamtaghness, good impact strength and
excellent stiffness to toughness ratio. PouckeJamdes, in their work on long glass fibre PP
composites reported the developing long fibre thogriasstics in automotive applications such
as front end carriers, instrument panels, door nesdand lower and overhead console
reinforcements (Poucke 2006Elass fiber reinforced PP are also used in fan tiogs and

shrouds, belt covers, air filters, spoilers andiogosystem tanks (Maier 1998).
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GLASS SPHERES

Glass beads or glass spheres are chemically cothpbd&6-60% silica, 25-30% alumina, 4-
10% iron oxide with traces of other oxides (Wypyt993). Small wall thickness of these
spheres as low as 10% its diameter is likely tdstdnd pressure up to 10 MPa. There are
hollow and solid glass spheres. Like in E and Sgfédres, the hollow glass spheres help in
reducing weight and solid glass spheres providel gieength to the composite. The typical
shape of the filler allows high loadings and heimceeased stiffness at low viscosity (Rothon
1999). Also, a filler size of 30 microns or lowes used with thermoplastics. In
polypropylene, the filler provides enhancementhia $tiffness at elevated temperatures, high

compressive strength and dimensional stability 8v14B98).

SILICA

Silica or silicon dioxide (Sig) is one of the most abundant oxide mineral foumthe earth’s
crust in the form of sand or quartz. It is primarilsed in the production of glass for
windows, drinking glasses and beverage bottleicaSis an extensively used cheap filler in
composites. They act as an extender as well asidmat filler. Quartz, crystobalite and opal
are some of the natural silicas used as fillersgyin 1993)Quartz has a very compact and
perfect structure such that its composition is 1088®,. Natural silica fillers are further

classified as amorphous and crystalline.

Figure 2.16 shows the surface morphology of crisakilica. Rothon, in his report, lists 5
synthetic silicas: fumed, arc, fused, gel and mmietied silica, out of which gel and
precipitated ones are used commonly as additivesmiall amounts in thermoplastics
(Rothon 1999). Literature study showed that additd 3% silica flour to PP matrix with
SEBS-g-MA compatibilizer improved the vyield stremgand the impact strength of the
composite (El-Midany 2011). Chemical inertness ahdability of silica expands its

application enormously.
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Figure 2.1&Crystalline Silica (Wypych 1993)

2.5 BIOCOMPOSITE COMPOSITION

2.5.1 POLYPROPYLENE MATRIX

ISOTACTIC HOMOPOLYMER POLYPROPYLENE

Polypropylene is a semi crystalline thermoplastidymer which has both crystalline and

amorphous phases. Isotactic PP is the most comatigrased PP form due to its inherent
properties and end use advantages. It has a higrealeof crystallinity because of the

arrangement of the molecules in an orderly manner teence opaque, strong and highly
chemical resistant. It is rigid and has bettehhigmperature resistance than its copolymer.
Some of the applications of homopolymer PP incladimotive interior fabrics, windshield

washer tanks, housing for domestic appliances, Isfgrg fabrics, medical fabrics etc.

HIGH IMPACT COPOLYMER POLYPROPYLENE

The addition of a comonomer (ethylene or 1-butemeskample) during polymerization of a
homopolymer results in what is called a copolymEhne copolymer composition depends on
the nature and amount of comonomer added (Vasi@)20This insertion of a second
monomer into the polymeric system reduces the alfysty and melting point by
introducing irregularities or defects into the nml&r chain. The reduction in crystallinity
results in an increase in the amorphous contens documented that the impact strength of

PP copolymer increased upon increasing the coofelRentene-1 comonomer in the matrix
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and at low levels, the density and modulus was tdhen that of isotactic homopolymer PP
(White 2004).

The crystalline fraction has good stiffness andahwrphous part has good impact strength.
Impact copolymers are tough and have improved Emwmperature impact strength due to the
presence of an elastomeric phase (the amorphouse pbeeated with addition of
comonomer). The copolymer is said to be an elast@nhgery high levels of comonomer.
The elastomeric phase is uniformly distributed witithe polypropylene matrix (Figure
2.17). These impact copolymers are also calledrivgtieasic copolymers and they usually
contain around 40% of ethylene-propylene rubbeR)ERoore 1996)

Polypropylens matrix

Incompatible rubber inclusions

Figure 2.17 Two Phase Structure of Impact Modifedlypropylene (Calhoun 2006)

HOMOPOLYMER-COPOLYMER BLEND POLYPROPYLENE

In the 2002 edition of ‘Polymer Blends Handbook’ hyA.Utracki, it is reported that
polymer blends constitute 36% of the overall polyro@nsumption. Polymer blends are the
mixtures of two or more species which can be eithiscible or immiscible. Most polyolefin
blends are prepared by melt mixing or compounding single screw or twin screw extruder.
Isotactic polypropylene blends with ethylene-prgog@ copolymer is gaining great
importance (Karger-Kocsis 1995B). It is said the amount of interfacial mixing in a blend
influences the morphology and interfacial adheswmgch ultimately affects the physical and
mechanical properties of the blend (Vasile 2008any studies suggest the incorporation of

compatibilizers to improve the interaction betwel#ferent components in the blend.

The tensile strength and modulus was found to Haciag upon increasing the copolymer

rubber content in PP blend (White 2004). Previdudiss also indicated an improvement in
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impact strength, weather resistance, flame resistaand improved low temperature
performance associated with blending (Rosato 2081physical blend of PP isotactic
homopolymer and PP copolymer is aimed at providingynergistic improvement in

properties.

2.5.2 MINERAL FILLERS

TALC

Talc has a layered structure with chemical formiMgsSi;O10(OH),, it is a hydrated
magnesium sheet silicate. It is composed of a layermagnesium-oxygen/hydroxyl
octahedral sandwiched between 2 layers of siliogygen tetrahedrally bonded together by
weak Van Der Waals forces. Due the weak forces aantpthe layers, they can easily slip

apart with little shear force and hence are vefyraaterials.

Talc is a very soft mineral (Mohr's hardness=1) aihdis highly hydrophobic and
organophilic in nature. Its particle size typicalnges from Lum to 30um. When added as
filler with thermoplastics (polypropylene or polywichloride), talc increases the stiffness
and improves the dimensional stability of the cosifgo The amount of talc also affects the
stiffness of the composite (Karian 199%everal studies on talc composites based on
homopolymer and copolymer PP matrices indicatedongrl mechanical properties such as
tensile strength and modulus and reduced impastgitin (Lapcik 2008, Maiti 1992). Due to
the property enhancement of talc, they have bedelwiused in under-the-hood, dashboard,
bumper, interior and exterior trim and other auttiveo parts. They are also used in

agriculture and food, ceramics, coatings, papesqgmal care and rubbers.

MICA

Mica minerals are sheet silicates (phyllosilicategh a platy morphology. Muscovite is the
most popular and common of all micas and they ogcunost geological environments,
especially in plutonic igneous rocks. The chemimaimula of muscovite mica is KAl
(AlSiz010)(OH),. It is colourless, has a specific gravity of 2/8ngf and Mohr’s hardness of
2.5-3. The most important property that charactsrimuscovite mica is their high aspect

ratio, thus making them useful as a filler and fiegicements in polymers. They have good
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heat resistance due to which they are used in mgatdndows for high temperature furnaces.

They have good insulating properties and are usedificuit boards.

Mica with a high aspect ratio contributes signifitg to the increase in flexural modulus
(Karian 1999). Jahani, in his work on the effechota and talc on mechanical properties of
polypropylene composites, reported that there v ihcrease in tensile strength of 30%
mica loaded PP composite in the presence of amapti amount of 3% MAPP coupling
agent (Jahani 2011Another study on mica homopolymer PP compositegaled that
surface treated mica had significant effects on nga modulus of elasticity (Kastner,
Nardin et. al. 1988). Improved modulus, heat défbectemperature, acoustic properties,
lower warpage and shrinkage make mica highly sléitedy automotive applications. 25wt%
mica polypropylene copolymer is used in truck wigins that are clutch driven. The fuse
block cover where stiffness is a not a critical gy, also consists of 12 % mica PP
copolymer (Karian 1999).

WOLLASTONITE

Wollastonite is a naturally occurring white or gmayneral mostly present in metamorphosed
limestone. It is formed by a combination of calciomde CaO and silica Sgronsisting of
48.28% CaO and 51.72% Si@nd has a chemical formula of Cagiarian 1999).
Wollastonite has a repeating, twisted, three sileteahedral unit and the chains formed by
these tetrahedrals are connected side by sidedhroalcium in octahedral coordination. It
grows as a needle shaped crystal due to this straicture. It has a Mohr’s hardness of 4.5-5

because of the high density of the silica chaies@nt in the structure.

Wollastonite is a very inert material, only dissssvin concentrated hydrochloric acid. It has
a specific gravity of 2.8-2.9 g/cinThe alkaline nature of wollastonite makes it adyanti-

corrosive agent in paints and coatings. It is wideded as a filler or reinforcement in plastics
because it improves the mechanical propertieseasgs weather resistance and has a very
high aspect ratio. It is also used for high tempeeaapplications due to its high melting
point (Leong 2004). Other applications of wollastennclude construction, metallurgy and

ceramics.
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Coarse particles of wollastonite are usually degrital in polymer composites and an
optimization of particle size is required which geally depends on the type of application
(Karian 1999). The table 2.9 shows the effect iffeent aspect ratio wollastonite on PP
composite. It is also documented that with the ipocation of wollastonite into PP matrix,
there is good balance of stiffness and impact agldtively stiffer composites can be
achieved at very low loadings of the filler. Lowaltings can contribute to potential weight
savings in automotive parts (Karian 1999)s reported that wollastonite composite is used
for automobile applications like spark plugs, irgeand exterior door panels, trim parts and
under-the-hood parts (Robinson 2006).

Table 2.Properties of Wollastonite with different aspedias

Neat
Material polypropylene 20wt% 20wt% 20wt%
Properties resin wollastonite wollastonite wollastonite
Nominal aspect ratio - 5:1 8:1 19:1
(L/D)
Diameter Qg (um) - 3 15 8
Flexural Modulus 1.00 1.65 1.80 2.25
Gardner impact @ 1.00 0.73 0.60 0.65

room temperature

2.5.3 WHEAT STRAW

Wheat straw (WS) is a low cost, agricultural fibsdayproduct. It is obtained after harvesting
of wheat. It has a potential to replace the shertafj wood resources as bio-fillers in
thermoplastic composites. Approximately 30 millionnes of wheat straw residue were
generated in 2004 in Canada (Kruger, 200/&heat straw is used in horse bedding,
mushroom composting, as a biofuel substitute td, @saa binder for clay and concrete in
construction and is also a source of fiber for papeaking. They are also used for packaging

due to their cushioning effect, basketry, craftd harticulture.
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Like any other plant fibre, the chemical compositf wheat straw also comprises of 35-
40% cellulose, 45-55% hemicellulose and 15-20%iigis the major constituents in its cell
wall where the cellulose is embedded in an amorphoatrix of hemicelluloses and lignin
(Zhang 2011)The composition of wheat straw varies dependinghenclimate, region of
cultivation and age of WS. Table 2.10 shows theingrcomposition of wheat straw from
different sources (Mckean 1997). The cellulose eontin wheat straw imparts good
mechanical properties and lignin and hemicellulazegents are responsible for the physical

and chemical properties (Sardhashti 2009).

Table 2.1@Composition of WS at Different Location of Cultiv@t (Mckean, Jacobs 1997)

Aronovsky Utne &
Composition Ali et al. et al. Mohan et | Hegbom Misra Misra
[1991] [1948] al. [1988] [1992] [1987] [1987]
Pakistan lllinois India Norway | American | Denmark

halocellulose 58.5 72.9
a-cellulose 33.7 34.8 29-35 39.9 41.6
hemicelluloses 25.0 27.6 28.9 26-32 28.2 31.
lignin 16-17 20.1 23.0 16-20 16.7 20.5
ash 7.5-8.5 8.1 9.99 4-9 6.6 3.7
Silica & 4.5-5.5 6.3 3-7 2.0
silicates

EtOH-Benzene 5.8 4.5 4.7 3.7 2.9
extr.

Extensive study has been carried out in the doectdf wheat straw polypropylene
composites where the effect of processing temperatiller size, filler loading, mechanical
properties, resistance to water absorption andaaten with the matrix were investigated
(Kruger 2007, Digabel 2004). It was reported theg tesistance to water absorption can be
improved by lowering the processing temperatureleyhby choosing the appropriate
coupling agent, the interfacial interaction or bioigdbetween the hydrophilic fibre and
hydrophobic PP matrix can be improved. The loadamgl aspect ratio of WS highly
influenced the mechanical properties. Further,igetatudy on hybrid composites based on
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wheat straw and clay mineral on PP thermoplastitrimavas conducted by Sardhashti
(2009). The effect of mechanical processing, fdee distribution and coupling agent on the

mechanical properties of PP composite were invats

The application of wheat straw in PP is relativeéw (Reddy 2010). Recently the potential
of wheat straw as filler for polypropylene thermegilcs have grown largely towards the
automotive industry. In 2010 one exciting applicatfor vehicle interiors was developed by
a collaborated team from Ford Motor Co., ASchulriran, and University of Waterloo. The
Ford Flex 2010 vehicle had its interior storagesbmade of 20 wt% WS reinforced PP
(Hardy 2010).See Figure 2.18.ike most bio-fillers, the density of WS is als@sificantly
low compared to mineral fillers, hence representegsignificant weight savings in

automotive parts.

Wheat Straw Bio-Filled Polypropylene
| Industry and World-Flirst Usage In Quarter Trim Bins on 2010 Ford Flex

vkl m||ﬂ7 nu,ﬁ: Hujalunhz:l

Wheat Straw Wheat Straw /
Polypropylene Resin

Figure 2.18NS in Flex 2010
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2.5.4 ADDITIVES
Antioxidants
Polymers are susceptible to degradation due tq hesthanical stress, irradiation etc. which
can lead to discoloration, loss of mechanical aledtecal properties or deterioration of
physical appearance. The presence of oxygen dedngounding or processing can cause
oxidative degradation of the polymers. This is of¢he serious concerns which can affect
the end product. Antioxidants aid in preventingrsagidative degradation in polymers. The
use of antioxidants can provide better stabilitythe polymer during processing and also
enhance the product’s service life.

The oxidation of hydrocarbon polymers occurs thtoagfree radical chain reaction. The
mechanism is as follows:
» Breaking of hydrocarbon molecule into 2 radicals,
R-R— 2R*
* These radicals react with oxygen to form a peroxaatcal
R* + O, —» ROO*
» This peroxide radical now reacts with a hydrocarbon
ROO* + RH — ROOH + R*

These reactions continue to form a series of ctesintions.

There are 2 types of antioxidants namely primarglain breaking antioxidants (called so
because these antioxidants break the chain ofioeadeading to oxidation) and secondary
antioxidants. Primary antioxidant can suppress dkiglation reactions over the product’s
service life whereas secondary antioxidant prevéinés oxidation during the processing
cycle. Chain breaking antioxidants (AH) either dena hydrogen to peroxide radicals or in
its oxidized form (A*) accepts a hydrogen from arqede radical, thus terminating the

series of oxidation reactions.

40



R R

——CH,CHog*  + AH — ——CH,CHOOH  + A
R R
—CH;CH{OO)"  + A%  ——= —CH=—CH + AH + 0

The most widely usedhain breaking antioxidants in plastics are polys@uble 2,-di-tert-
butyl phenolqfigure 2.19 such as butylated hydroxytoluene (BHT).

OH

R

Figure2.19 Chain Breaking Antioxidant

R = CH,, BHT

Secondary antioxidants terminate oxidation by pnéwng the formation of free radical
These antioxidants react w the hydroperoxide group preventing the decompasitd
hydroperoxides into free radicals. For example,sphdes can react with ROOH group
form alcohols and phosphates thus preventing thadtion of any free radica(Pritchard

2005). Some of theufphur compounds are also usechydroperoxide decompose

The oxidative sensitivity opolypropylene is apparent at room tempere (Zweifel 2001).
Two most important armaxidants used with polypropyle are Irganox 1010 and Irgafos 1¢
Irganox 1010 (3-(3,%H-tert-butyl-4-hydroxyphenyl)propionate)s a primary hindere
phenolic antioxidanand Irgafos 16{(Tris (2,4-di-tertbutylphenyl)phosphe) is a secondary
phohphite peroxide decompo. The chemical structurex the 2 antioxidantare shown in
Figure 2.20 andiBure 2.21
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Coupling Agent
One of the most important factors affecting thealffiproperties of composites is the
interfacial bonding interaction between the filéerd the polymer. One way of improving the
adhesion is by enhancing the wettability of thieffiby the polymer. This can be done by two
ways:

» Coating the filler with additive having end functal groups — physical bonding

» Covalently bonding the filler and the polymer withe aid of coupling agents —

chemical bonding

Common among these two methods is that there areeagroups at either end of the
additive/coupling agent such that one active encorapatible with the filler and the other
end group is compatible with the polymer. The dédfece being that the physical bonding
technique is designed to improve the dispersiotheffiller in the matrix whereas chemical
bonding improves the adhesion and thus the mechlapioperties. In case of physical
bonding technique, the surfactants get adsorbedoothe filler surface making it more
compatible to the hydrophobic polymers and theeefenhancing dispersion (Pritchard
2005).
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Maleic anhydride grafted polypropylene (MAPP) i® tmost widely used coupling agent for
polypropylene. Several studies have showed that RIAsPRthe most effective compatibilizer for
improving the adhesion between filler and PP (Re2lei0). MAPP has also been proved to be
very effective in chemically coupling talc and Rtereby leading to considerable improvement
in mechanical performance (Jahani 2010). Y.H.Cdilais coworkers have showed in their work
that the optimum amount of compatibilizer/coupliagent used to enhance the adhesion in
composite is around 5% (Cui 2010). It has also besorted elsewhere that the improved
mechanical properties are due to the esterificgftagure 2.22) of anhydride groups of coupling

agent with the hydroxyl groups of cellulose fibEh&ng 2005).

Fiber Surface PP-MA

H,
il P
O — \c—
R g
0 H P
PF Segment H 0

Figure 2.22Mechanism of MAPP Adhesion with Fiber Surface (Rb&e07)

2.6 PROPERTIES OF INTEREST

2.6.1 MECHANICAL PROPERTIES
All materials undergo some amount of deformationewtsubjected to a load. These
deformations are the principal aspects which asthessnechanical behaviour in polymers.
The mechanical performance of polymers and polytoenposites are greatly influenced by
the processing technique, processing conditionsvanidus fillers or additives used in the
system. The properties are also affected by faclides crosslinking, branching, and

crystallinity.
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Several studies have reported that type of fifiler size, filler content and type of coupling
agent have significant effect on the propertiesarhposites. It has been documented that the
ultimate properties of composites depend on thergxaf bonding between the two phases,
surface area of the filler and the extent of paghkwh the filler particles (Seymour 1990).
Kocsis J. K. have reported in his work that the maeccal properties of PP composites
consisting of non treated fillers highly dependtiba particle characteristics. The fibre aspect
ratio, alignment and packing arrangement in therimatlso influence the mechanical
behaviour to a large extent (Joseph, Varghesel.e1986). For any kind of applications,

these composites are required to meet certain gyogtandards.

TENSILE STRENGTH AND MODULUS

When a polymer is subjected to a load, it exhianselastic behaviour followed by a visco-

elastic behavior. Load and deformation are reptasiens of stress and strain, stress is the
ratio of force or load acting per unit area of thgecimen. Strain is the amount of

deformation/elongation per unit length of the spemi. When a force is applied, the material
undergoes elastic deformation initially and so ah cregain its shape once the force is
released. At this region, the stress is directhypprtional to the strain. At a certain point of

stress, the material loses its elasticity and teéadseform permanently thereafter. The stress
until which it can resist this deformation is cdlléhe yield stress or yield strength. The
maximum load per unit cross sectional area, thenahican withstand before breaking is the
tensile strength of the material. Young’s modulusmmdulus of elasticity is the ratio of

stress and strain at the elastic region.

Where, E is modulus of elasticity,is the force acting per unit area of the matenal ais
strain. Modulus is a measure of stiffness of a netdn general, addition of fillers increases
the modulus and tensile strength of the compositedecreases the elongation at break. The
tensile strength and young’s modulus highly dependoptimum filler loading, good

dispersion of filler in matrix and strong interaxtiof filler and matrix.
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FLEXURAL STRENGTH AND MODULUS

The flexural test is carried out using a three aurfpoint bending technique. In the three

point procedure, the specimen is placed on 2 stppodrthe end and force is exerted in the
center. Force acts perpendicular to the axis ospiezimen.The top surface of the specimen
undergoes compression and the bottom surface exjges tension. Unlike in case of tensile
property, flexural stress is measured using spetithekness, bending moment and the
moment of inertia of the cross-section (CallistéfP). The fracture occurs at the surface of
tension and the stress at this point is known asfléxural strength. For a rectangular

specimen, according to ASTM standard 790-10, #meuflal properties are obtained using the

formulas:
Fl | st Fl | st o, = 3FL
exural stress or Flexural strength, =
g 2bd?
. 6Dd
Flexural strain, & =—5
L

__ flexural stress

Modulus of elasticity, , Within elastic limit

B flexural strain
where, F is the applied load, L,b and d are thecispn length, width and thickness
respectively. D is the maximum deflection at thatoe= The flexural strength is generally
higher than tensile strength due to the fact thaing flexural bending, the specimen is
subjected to both compression and tension. So th@synergy of compressive strength and

tensile strength.

IZOD IMPACT STRENGTH

Impact tests measure the energy to break a specimpact strength is the amount of energy
a material absorbs during impact before it fractufEne area under the stress strain curve
implicates the impact strength of the material stimpact strength is related to the tensile
strength and elongation. The procedure for a ndtampact mechanical test is described in
the standard ASTM 256-10. The impact strength fapehed specimen is less than that of
an un-notched specimen and this is due to thetlfattnotches act as stress concentration
points. Therefore the deformation is experiencedtimaaround the neighborhood of the

45



notch. Also the energy absorbed during impactimmaurily the energy to propagate the crack.
The presence of a crack, scratches or a notchrleasigfluence on the impact strength of the
material (Nielson 1974).

2.6.2 DIFFERENTIAL SCANNING CALORIMETRY
Differential scanning calorimetry is an importaobl to study the thermal behaviour of a
polymer mainly glass transition temperatufg)( melting, percentage crystallinity and phase
changes. This instrument is designed to analyzedifierent transitions undergone by a
polymer or a composite when it is subjected to ihgaind measures the amount of heat
absorbed or released during heating and cooliniggytt contains two pans, a reference pan
which is empty and another pan which contains pelysample. Both the pans are heated at
the same rate using a heating device. The presgnemterial/polymer in the sample pan
indicates that it will take more heat to heat thatemnial and to keep the temperature of the

pan increasing at the same rate as the referemce pa

Glass transition, J is associated with the amorphous phase of thgnmal At Ty the
material undergoes a transition from its brittletstto a rubbery state. There is more heat
flow and the heat capacity of the polymer increasess an endothermic transition. The

transition affects the hardness, volume, young’suhes and elongation at break.

The mechanical properties of polypropylene arengiigodependent on its crystallinity. An
exothermic transition releases heat during crystdlbn and the chains have enough energy
to arrange in a regular manner. When the polymke#ed further, the crystals fall apart and
start to melt. It is an endothermic reaction withikcrease in heat flow. At melting point, the
polymer undergoes a transition from solid to ligsidte. Higher the crystallinity, higher will
be the melting point. Crystallization and meltingjirgs represent a first order transition and
T, represents a second order thermodynamic transi{@ittler 2009). Percentage

crystallinity can also be found using DSC.
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2.6.3 SCANNING ELECTRON MICROSCOPY
Scanning electron microscopy is a technique emplole study the morphology of a
material. The internal structure, distribution aespersion of fillers in polymer matrix, and
interface between filler and matrix can be clealydied using this technique. Scanning
electron microscope is a high resolution microscopesisting of a beam of electrons to
probe the sample surface. Electron microscopegpraferred over light microscopes due to

the shorter wavelengths of electrons and the ghdifocus very deeply.

SEM is also used to study the surface of fractwadiaces, particle shapes and sizes. The
sample preparation for SEM is relatively easy. Bheface is sputter coated with gold or
carbon up to a thickness of 10 nm to make it al=dty conductive. Gold is normally
preferred for irregular surfaces. As the electrearh hits the specimen surface, the electrons
interact with atoms on the surface and also peteetieep into the sample. Secondary
electrons get elastically scattered on the surfaaek scattered electrons go a little deeper
and the X rays penetrate deep into the sample.n8acp electrons are those which have
enough kinetic energy to be knocked off into frpace. The electrons close to the surface of
the sample having low kinetic energy can escape fitte sample. Secondary electrons are
collected by an Everhart-Thornley (ET) detector giwes information about the topography
of the sample. When the incident electrons paas the atom’s potential, they change their
direction or velocity due to electrostatic interantand some of these electrons are redirected
back to the sample surface which then help in im@gBackscattered electrons are usually
collected using a solid state detector and they gnformation about atomic number of
atoms in the sample. X rays emitted from the sanmlees information about the

composition or the different elements present eaxgample.

2.6.4 WATER ABSORPTION
Water uptake of composites containing hydrophillerk limits its use in certain applications
which require exposure to moisture or water. Natplant fibres have an inherent tendency
to absorb moisture due to the hydroxyl group presetheir structure. Incorporation of these

hydrophilic fibres into hydrophobic matrix (Rothd®99) results in reduced compatibility
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between the two phases, leading to weak interfdmalding which ultimately affects the
mechanical properties of composites. Arbelaiz amsloazkers reported that water absorption
is high in the cellulose and hemicellulose conteinthe fiber because they contain larger
number of hydroxyl groups (Arbelaiz 2005). Watesa@tption also results in fiber swelling
thereby causing change in the dimensions of theposite parts. Reports indicate that it is
possible to reduce the amount of moisture absotmedusing compatibilizers or by
acetylation of hydroxyl groups present in the fiflrana 1998Rowell 1986).

Water absorption is measured using immersion tecieniaccording to the specifications
mentioned in ASTM standard, D570-98. According be technique, the specimens are
immersed in water for a specified time and weiglftdried specimens are noted at regular
intervals of time. The percentage increase in weigh estimate the affinity of composites

towards moisture.
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3 MATERIALS AND METHODS

3.1 MATERIALS

The biocomposite mixture consisted of the polynsebase resin, fillers/fibres as the additives,

antioxidants and coupling agents.

Three different grades of polymers used as basesreere:

1.

Isotactic homopolymer Polypropylene (hPP), grad8@J4, manufactured and supplied
by Sunoco chemicals, Inc., Philadelphia, (see AgdperC for specification sheet).
(Braskem America)

High Impact copolymer Polypropylene (icPP), gradé62D0N, manufactured and
supplied by Sunoco chemicals, Inc., Philadelphsge(Appendix C for specification
sheet) (Braskem America)

Blend of homopolymer and copolymer Polypropylend’Rly a proprietary blend
developed and supplied by A.Schulman Inc., AkroH, O

The melt flow index of the above base resins weferimed by the suppliers as 18 g/10min, 18

g/10min and 30 g/10 min respectively. The polyna&ined in the form of pellets were ground

to powder in a blender for better mixing with thigrés/ fillers.

The fibers/fillers used were:

Wheat Straw (two grades: medium and fine) — manufad and supplied by Omtec Inc,
Chatham, ON.

2. Talc (BT 2207) — supplied by A.Schulman Inc., Akr@H.
3. Mica (CD 2200) — manufactured by Georgia Industkfiherals, Inc. (see Appendix C

for specification sheet) and supplied by A.Schulrimam, Akron, OH.
Wollastonite (Nyglos 8) — manufactured by NYCO, US8ee Appendix C for
specification sheet) and supplied by A.Schulman, lakron, OH.
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Irganox 1010 and Irgafos 168 manufactured by CIBA. lwere used as antioxidants. Maleic

anhydride grafted polypropylene (grade MD-353D)rirbuPont was used as coupling agent.

3.2 PROCESSING METHODS

3.2.1 COMPOUNDING VIA EXTRUSION

In the first stage of the project, wheat strawfsbend the mineral fillers were added individually
to the base resins at 20 wt%, 30 wt% and 40 wt% eath the objective of understanding the
effects of the type and amount of matrix and dispéphase. In the second stage, the dispersed
phase consisted of wheat straw fiber and inorghlec which were mixed together at a total
level of 30 wt% in varying ratios of a)10 wt% aBd wt%, b) 15 wt% and 15 wt%, and c) 20

wt% and 10 wt% of straw fiber and inorganic fillespectively.

The composite mixture (200g) was initially handraled to make it homogeneous and then fed
into a Haake Minilab Micro-compounder, a co-rotgttwin screw extruder (Thermo Scientific,
Waltham, MA) where the operating conditions werée tee190°C and 40 rpm. The mixture
underwent continuous melting and mixing while mayvin between the screws. The extrudate
which exited through the flush orifice were colksttcooled and pelletized (without contact with
water). The formulations for compounding are showiable 4.1, 5.2 and 6.1. A typical twin

screw extruder is shown in figure 3.1.

R e
=
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Figure 3.1Haake Minilab Microcompounder (left) and conicaleses (right) (Sardhashti 2009).
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3.2.2 INJECTION MOLDING

The pellets formulated with polypropylene, strawefi and inorganic fillers were injection

moulded using a Ray Ran Laboratory Injection Maujdmachine (Ray Ran Test Equipment
Ltd., UK) to obtain bars according the dimensiops is the ASTM standards. The standard
dimensions are shown in Table 3.1.

In this moulding technique, the pellets were fed ithe barrel of the injection moulding machine
where the temperature was set to 190°C. Once tregspmelted inside, pressure of 100 psi was
applied to pneumatically move the ram down thenalshing the material through the nozzle to
flow to the mould platen. The mould tool temperatwas set to 50°C and the molten composite
material was allowed to flow for 15 sec before aslag the pressure. Then the bars were
removed from the mould tool and inspected for agfeds. These test bars were then placed in a
Hewlett Packard 5890A GC oven for annealing to reenany thermal history occurred during
extrusion and inection moulding. The temperatursidm this oven increased from initial
temperature 25°C at a rate of 10°C per minuta fithal temperature of 150°C1%C was reached.

It was left there for 10 min and then cooled toaemperature.
3.3 CHARACTERIZATION METHODS

3.3.1 MORPHOLOGY

The morphology of pure wheat straw fibres, mindiiédrs (talc, mica and wollastonite) and

polypropylene composites were observed using ansogrelectron microscope LEO SEM

consisting of a Field Emission Gemini Column. Pgoéthe thermoplastic composites samples
used for impact strength measurement were cut wsikgife from the fractured surfaces and
fixed to an aluminum stub with a double sided carlaolhesive tape such that the fractured
surfaces were facing upward towards the electrancecof SEM. Prior to scanning, the samples
were sputter coated with gold to a thickness ofrexmately 10 nm to make the surface

electrically conductive.
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3.3.2 PARTICLE SIZE ANALYSIS

: Major Axis
(&
4 Minor
Axis

Figure 3.2 Best Fitting Ellipses for fWS Patrticles

The patrticle size and the aspect ratio of the sfifagvs were measured using optical microscopy.
The stereomicroscope Leica MZ6 (Type DFG 290, Léloarosystems Ltd.) was used for image
generation and acquisition. The wheat straw padiwolere placed on the surface of a glass slide
such that each particle did not touch each othiee. ilnages of the particles were taken using a
digital camera with the stereomicroscope at a nfegiion of 63X The images taken were then
analyzed using an image processing software progedied ImageJ. The number of particles in
each image was also counted using the softwareroXppately 100-150 particles of fine and
medium WS were measured. This program providegitinensions of the particle by drawing
the best fitting ellipse around the particle. Fribms ellipse, the major and minor axis is drawn to
obtain the length and width of the particle beingasured. The aspect ratio is calculated as the
ratio of length and width. See Figure 3.2.
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3.3.3 DIFFERENTIAL SCANNING CALORIMETRY (DSC)

The melting point, crystallization peaks, and elpthaof phase transition (melting) were
determined using Q 2000 DSC equipment. Calibratias done according to the Tzero TM
method. An exact amount of sample in the range-1® Bng was taken into the T-zero pans and
sealed with a T-zero hermetic lids using a T-zees®. The equipment has an automatic sample
loading device (up to 16 samples), although eanipkawas analyzed individually. The analysis
was carried out in 3 cycles. In the first cyclege thamples were heated from 35° C room
temperature to 220°C at a rate of 10°C/min and maaaat 220°C for 3 minutes. This was done
to remove the thermal history of the samples. éndbcond cycle, the samples were cooled from
220°C to 50°C again at 10°C/min and atG@or 3 minutes. In cycle 3, the samples were likate
further from 50°C to 220°C at the same rate. C¢cbnd 3 were used to analyse the samples for
their thermal properties. The data obtained wewtgd using the TA Universal Analysis

software. % crystallinity was calculated using fiblenula:

AH
0H =
L AH® (1-wt% filler) x 100

3.3.4 MELT FLow INDEX (MFI)

Flow properties of the three different grades dfypmpylene were measured using a Dynisco
D4001DE MFI tester at a temperature of 230°C amobhd of 2.16 kg according to the ASTM
standards ASTM 1238-A. Each time approximately 6the resin was placed inside the heated
chamber and left to melt for 360 seconds. Onceadgthe molten material was pushed using the
load (placed above the tester) down through an 8dm@rand 4-5 sample cuts were made at
regular intervals of 10 sec. The weight of each@araut is reported in g/10 min.

3.3.5 WATER ABSORPTION

The amount of water absorbed by the sample wasuregh®y immersion technique, according
to the ASTM standard D570-98(Reapproved 2010). 8 hmgection molded bars were initially
conditioned by placing inside an oven at 108°Cafpproximately 1 hour, after which they were

placed in a desiccator to cool down. The conditioweight was noted as 0 hour reading, using a
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Mettler Toledo analytical balance (AB 304-S), befammersing the bars in deionised water.
The measurements were done at regular time ingenfahr, 6hrs, 12 hrs, 24 hrs(for 5 days),
once in 3 days, 4 days, 5 days, once a week ar smtil there was no change in the weight
further (saturation). The amount of water absonmad measured using the formula given in
ASTM D570-98:

: , t weight -conditioned weight
Increase in weight, (wt %) =—— 9~ _“ONC-OTEC 7E9 100
conditioned weight

3.3.6 DENSITY

The injection molded bars were cut into 2 halvesnike small length specimens for density
measurements. They were conditioned at 23+2° C58a® % relative humidity for 40 hours
according to the ASTM standard D 792-08. The teat warried out in ethanol since the
composites made of wheat straw were lighter thatemand so had a tendency to float in water.
Ethanol was used for all the other composites d$ twemaintain uniformity. Weights were
measured using a Mettler Toledo analytical balambe. density of ethanol was measured using

a pycnometer.
The specific gravity and density of the compositswalculated using the formula:
Sp gr 23/23°C ==
D€ kg/n? = Sp gr 23/23°C x (density of ethanol)
Where,
a = apparent mass of specimen, without wire oresink air,

b = apparent mass of specimen completely immergsedod the wire partially immersed in
liquid.

3.3.7 MOISTURE CONTENT
The straw fibres and mineral fillers were tested tiee amount of moisture present, prior to

compounding them, using a MB 45 Metler Toledo Mamist Analyser (Ohaus Corporation,
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Pinebrook, NJ, USA) . The samples were uniformlgead on an aluminum pan and placed on
the analyser where it was heated to 110°C untthallmoisture was absorbed. The results were
recorded at regular intervals in terms of percemtafymoisture evaporated from the sample.

WinWedge software was used to record the data.

3.3.8 MECHANICAL PROPERTIES
The sample specimens were conditioned at a tenyperaf (23+2) °C and relative humidity of
(50£10) % for 40 hours prior to testing and the saranditions were maintained during testing

as well. These parameters were set according tprdoedure A of ASTM standard D618-08.
TENSILE PROPERTIES

The preconditioned injection molded composite bagee tested for their tensile properties using
a Q Series Mechanical Test Machine (Test ResouncesShakopee, MN, USA). In this testing
technique, the dog bone shaped bar was placed éetwe grips and the rectangular portion of
the bar, outside the grips was subjected to siregcfihe distance between the upper and lower
grips was set to 22+0.05 mm after placing the sanapld the grips tightened to prevent the
specimen from slipping. Testing was done accordmthe standard ASTM D1708-10. Force
was applied to pull the specimens at a rate ofnindmin and a stress strain graph was plotted
from the values obtained. The measurement for rstigas obtained by measuring the
displacement of the crossheads without the usen axéensimeter or strain gauge. Therefore,
minor slippage of the sample specimen may congibbatexperimental uncertainty during the

calculation of strain.

The tensile strength, yield strength, percentagagstion at break and modulus of elasticity

were calculated using the given formulas:

« Tensile strenath _ maximum load _ maximum Force
9 cross—sectional area unit cross—sectional area
* Yield strength Tensile stress at yield

. inal l th—original l th
. % elongation at break =422L929¢ length-oniginal gage length y « 10y

original gage length
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_ ,Dposition * 100
orgginal length )

_Stress _  force/cross—sectional area

» Elastic modul =
astic modulus strain  change in length/original length

FLEXURAL PROPERTIES

Three point bending technique was used to deterthiadlexural strength and modulus of the
composite material, as per the ASTM standard DM0Fhe rectangular bar was placed on 2
supports and loaded by means of a loading noseeindntre. The load acting at the centre of the
bar continued until the outer surface rupturedrdil % strain was reached. Flexural tests were
also carried out using the Q series Mechanical Mesthine. The following equations were used

to calculate the rate of crosshead motion, flexstr@ngth and modulus of the material:

2
+ Rate of crosshead motion, R %{

_ 3PL
2bd?
_6Dd

* Flexural straings =07

e Flexural stressy:

_ flexural stress

* Modulus of elasticity, E , Within elastic limit

- flexural strain

Where,

L = support span (mm), d = depth of bar (mm), ZAteof straining outer surface (mm/mm/min),
P = load at a given point on the curve (N), b =tidf the bar (mm) and D = maximum

deflection at the centre (mm). See Table 3.1.
IMPACT STRENGTH

The impact strength of the composite materials maasured according to the ASTM standard
256-10 Test Method A. The specimens were prepayedjéction molding. The specimens were
notched at an angle of 45+1° and a depth of 2.5usimg a milled notch cutter prior to testing
under the preset temperature and humidity conditidhe notch creates stress concentration on

the specimen increasing the chance of a brittluriai After sampling, the specimen was
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mounted vertically on a Monitor Impact Tester (TegtMachines Inc (TMI), New Castle, DE)
and hit by a swinging pendulum type hammer (Izochkheer 0-1 X 0.01 FT Lbs, TMI 43-0A-03)
at 90°. The results were recorded in Joules/m&igrreplicate tests were carried out for each

sample and their averages are reported.

Table 3.1 Specimen Dimensions According to ASTMh8#ads

LENGTH (mm) WIDTH (mm) THICKNESS (mm)
TENSILE TESTING 22+0.05 5+0.25 1.5+0.3
FLEXURAL
TESTING 31.8+0.2 12.7+0.2 3.240.4
IMPACT TESTING 63.520.2 12.7+0.2 3.240.4
WATER
ABSORPTION 63.520.2 12.740.2 3.240.4
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4 RESULTS AND DISCUSSIONS POLYPROPYLENE RESINS

4.1 FORMULATIONS
Three different polypropylene matrix namely homgpatr (hPP), impact copolymer (icPP) and

homopolymer-copolymer blend PP (bPP) were usedhig dtudy to analyse the properties of
composites. Table 4.1 represents the formulationgHe three grades of polypropylene used
with 0.5 wt% of antioxidants (Irganox 1010 and has168). For the pure polymer formulations,

no coupling agent or fillers were added.

Table 4.1Formulations for Pure Polypropylene Resins

Polymer Expt# Polymer Filler/fibre Antioxidant Coupling
agent (%)
(%) (%) (%)
hPP I 99.5 - 0.5 -
icPP Il 99.5 - 0.5 -
bPP 1] 99.5 - 0.5 -

4.2 PROPERTIES

4.2.1 DIFFERENTIAL SCANNING CALORIMETRY

Differential Scanning Calorimetry (DSC) analysisswanducted to study the thermal behaviour
of resins. Melting temperaturd (), crystallization temperaturel {) and % crystallinity are
noted for each of the resins used in this study %hamount of crystallinity in pure polymers

was calculated using the following equation,

Crystallinity (%) = i x 100

AH° (Wt% resin)

where, 4H is the heat of enthalpy required to melt the residAH° is the heat of fusion of a
100% crystalline polypropylene (209 J/g). The rssuabtained from DSC measurements are

summarized in Table 4.2. It is observed that gdlyetae addition of antioxidants did not show
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any considerable effect on the melting temperatidirthe resins. Though not significant, it is
interesting to note that both the melting point angktallization temperature for homopolymer
PP increased by around 2°C in the presence of asgd®10 and irgafos 168. The impact
copolymer PP exhibits a melting point of 166°C leigthan both homopolymer and blend. This
increase in melting temperature can be associatéd the presence of a comonomer in the

copolymer matrix.

Table 4. Results from DSC Analysis

Polymer | Tm | Tme Te Te | AHm | AHmz| AHe | %Cni | %Cimz | %Ce
(Cc) | (Cc) | (o) Cc) | Q/g) | (Glg) | (lg)

hPP 167.43 159.54| 111.08]| 115.86] 158.4| 107.6] 95.21| 75.79| 51.48| 45.55

hPP+AO | 167.28 162.05| 113.66| 117.75| 105.8| 106.5| 92.98| 50.62| 50.96| 44.49

icPP 166.9 165.85| 133.48| 136.14| 91.54| 98.62| 75.19| 43.8| 47.19| 35.98

icPP+AO | 166.8 166.92| 133.23| 136.32| 89.84| 93.87| 78.54| 42.99| 44.91| 37.58

bPP 163.09 162.56| 119.66| 122.69| 81.8| 78.96| 95.36| 39.14| 37.78| 45.63

bPP+AO | 166.53 163| 120.13| 123.52| 103.2| 102.8| 95.28| 49.38| 49.19| 45.59

The crystallization temperatureTremained unaffected with the addition of anti@«ts for all
the resins. The crystallization peak for copolymas higher than homopolymer and PP blend
(bPP). As expected, the % crystallinity at melt{®@Cy,) for homopolymer with and without
antioxidants was significantly higher than the otheo resins, because of a high degree of
isotacticity in its structure. However, the % cafbhity of copolymer and blend were largely
influenced by the presence of antioxidants. PPdoleith antioxidants, showed a 28.9% increase
in percentage crystallinity at melting whereas %iecrystallinity of copolymer decreased by
4.5%. It is also interesting to note that PP blemtibited similar value for % crystallinity at
crystallization as did the homopolymer. Both polyshénad significantly higher amount of

crystallinity than icPP. The plots for DSC curves available in Appendix A.
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4.2.2 MELT FLOW INDEX

Table 4.3Melt Flow Index for PP Resins

Polymer resins

MFI(g/10min)

hPP 17.72
icPP 16.39
bPP 27.41

The flow property of a material largely depends t@mperature and shear rate, and
influences processing. Injection moulding invol‘egh shear rate and extrusion involves
medium to high shear rate and therefore, it is g to analyse the flow property of
polypropylene prior to processing. It is reportbdttthe presence of a comonomer can affect
the rheology of the polymer and also, high MFI g=af polypropylene are suitable for
injection moulding (Maier 1998). The melt flow ratéor pure polypropylene resins are
shown in Table 4.3. It is observed that the MFLeaior PP blend is significantly higher than

hPP and icPP. The flow rates measured for copolyandrhomopolymer are close to the

values obtained from the supplier.

Melt Flow Rate
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Figure 4.1 Plot showing MFI Values for pure Resins
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4.2.3 WATER ABSORPTION

The water absorption plots for homopolymer, copaymand blend are represented in Figure
4.2 It can be observed that icPP and bPP absaigmiéicant amount of water in comparison

to the homopolymer. The copolymer PP gained a weafilD.35% without any saturation

even after 40 weeks. PP blend reached saturatia@ ateeks with an increase in weight of
0.2% after 40 weeks of exposure. However, aftew@8ks of saturation, the blend appears to
have gained slight weight. In contrast, homopolyatesorbed the least amount of water and
reached saturation at an early time period, andirtbeease in weight is observed to be
decreasing to O after 40 weeks. The water absorgtiaracteristic of homopolymer seems to
be insignificant when related to the property omposite specimens whereas the water

absorption results for copolymer and blend can igaifscantly compared with those of
composites.

Water Absorption
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Figure 4.2Nater Absorption plots for hPP, icPP and bPP Resins
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5 RESULTS AND DISCUSSIONS POLYPROPYLENE -FILLER
COMPOSITES

5.1 CHARACTERIZATION OF WHEAT STRAW

5.1.1 PARTICLE SIZE ANALYSIS

.\ (b)

;\l =\ —"— \‘

- / - i #‘\
/\/\ __\\ "‘/§\‘

Figure 5.10ptical Microscope Image of (a) fine WS and (b) medWS

The stability, chemical reactivity, flow ability drstrength of many materials are affected by the
size and characteristics of the particles withenth Particle size analysis was performed on fine
(fWS) and medium wheat straw (mWS) batches as mddiairom Omtec Inc., Chatham, ON, to
measure the average length, width and aspect oéttbe particles. Samples were picked at
random from both the batches and around 100-15€clesr (Figure 5.1) were analysed while
allowing 3-4 replications. Image processing sofevprogram called ImageJ was used for the

analysis. The results obtained are shown in Figbu2$o 5.4.

It was found from particle size analysis that time fwheat straw particles had a length ranging
from 0.1 to 1.2 mm with more than 30% particlesihgtength between 0.2 and 0.4 mm (Figure
5.2). The average length of fWS particles was fotmte 0.35 mm. Analysis on medium WS
particles revealed that more than 40% particlesléagth between 0.8 and 1.2 mm. The overall
mWS sample analyzed had length ranging from 0214anm. Moreover, 29% of mWS particles

had length between 1.2 and 1.6. The average leofgthWS particles was 1.25 mm. It is
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interesting to observe that the value represemrk of the distribution curve for mWS also
corresponds to the shortest fWS fibres (or theofdihe distribution curve for fWS).

There is huge variation in the fiber width resutstained for fine and medium wheat straw
particles. While, the width of maximum number (3786)fWS particles was found to be lying

between 0.04 mm and 0.08 mm with a narrow distidloutmWS particles showed a broader
distribution curve with 18% (peak ) particles hayimidth ranging from 0.28 to 0.32 mm (Figure
5.3). The fWS particles had width as low as 0.06#8 and as high as 0.24 mm. Medium WS
sample analyzed had lowest width of approximately @m and highest width of 0.80 mm. The
average width of mWS was 0.38 mm and that of fWiSigdas was 0.08 mm.

Figure 5.4 represents the aspect ratio plot for fad8 mWS. It is interesting to note that the
maximum number of particles for both fWS and mW8 ha aspect ratio between 3.0 and 5.0.
The samples analyzed for fWS contained aspect ratiging from 1.0 to 15.0 whereas mWS
samples contained aspect ratio limited betweeradd12.0. Around 31% of fWS and 40% of
mWS particles had an aspect ratio of 1.0-3.0. Mezage aspect ratio for fWS was found to be
4.5 and a lower average aspect ratio of 3.7 wearadad for mWS sample.
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5.1.2 MOISTURE CONTENT ANALYSIS

Moisture content analysis was performed to quartiify water content in the wheat straw
samples prior to compounding. Due to its inhersmirdphilic characteristics, wheat straw tends
to absorb moisture as soon as it is exposed tosmineoe. Therefore it is important to know the
amount of moisture present in the samples, althaliglpresent work did not study the effect of
initial moisture of WS on the mechanical propertidéghe composite. The moisture content in

minerals fillers was also examined and the pergentalues are tabulated in Table 5.1.

Table 5.1Moisture Content Results for Fillers

Filler Moisture Content (wt% moisture)
Fine wheat straw 7.70
Medium wheat straw 7.24
Talc 0.60
Mica 1.13
Wollastonite 0.09
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5.2 FORMULATIONS AND PROPERTIES: POLYPROPYLENE -FILLER
COMPOSITES

The formulations were prepared using three grafleslgpropylene, two grades of wheat straw
and three types of mineral fillers. The resultsh&f mechanical properties are presented in Table
5.2. The detailed presentation and discussionspegsented in the following sections. The
loadings of the dispersed phase were 20 (low)n&H{um) and 40 (high) wt%.

Table 5.2 Formulations and Properties Chart fogi8ifiller PP Composites

Antioxidant (AO) — Irganox 1010, Irgafos 168 — 0\28% each
Coupling agent (CA) — Fusabond MD 3532 — Maleicyalnidle grafted Polypropylene — 2 wt%
(%2}
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hPP - - 1.24(.11) | 50.0(3.1) | 241(33) | 38.7(0.9) | 21.6(2.3) | 925(0.9) 1.34
icPP - - 1.10(.08) | 33.0(1.2) | 204(80) | 23.7(1.2) | 166.3(19.2)| 910(2.9) 1.21
bPP - - 1.19(.03) | 49.8(0.9) | 228(48) | 34.7(0.5) | 65.0(6.4) | 921(5.8) 1.30
hPP-fWS | - 20 | 1.73(.14) | 56.7(2.4) | 276(61) | 34.1(4.0) | 22.1(1.9) | 990(4.7) 1.74
30 | 1.94(0.4) | 51.2(9.6) | 269(38) | 30.6(2.7) | 23.9(1.7) | 1036(17.2) | 1.88
40 | 2.33(.26) | 59.2(1.2) | 284(30) | 29.9(2.9) | 23.0(1.7) | 1057(22.7) | 2.20
icPP-fWS | - 20 | 1.52(.06) | 39.2(0.3) | 223(32) | 26.8(0.5) | 56.0(1.7) | 979(2.9) 1.55
30 | 1.75(.09) | 42.6(0.4) | 224(39) | 27.5(1.3) | 47.1(3.3) | 1016(3.2) | 1.72
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- 40 | 2.15(.06) | 44.2(1.3) | 239(27) | 27.7(1.8) | 38.4(1.1) | 1061(3.9) | 2.02
bPP-fWS | - 20 | 1.66(.07) | 51.2(1.0) | 257(35) | 32.4(2.4) | 27.0(0.9) | 990(4.3) 1.68
- 30 | 2.06(.05) | 52.6(1.7) | 280(36) | 32.5(2.2) | 26.0(1.1) | 1024(6.0) | 2.01
- 40 | 2.39(.07) | 53.3(1.5) | 288(20) | 29.3(1.8) | 25.7(0.7) | 1075(3.9) | 2.23
hPP-mWS | - 20 |1.82(0.1) | 57.1(1.0) | 281(31) | 37.9(1.7) | 22.0(1.5) | 992(5.1) 1.84
- 30 | 2.30(.16) | 59.9(0.2) | 288(26) | 35.1(3.5) | 25.1(1.1) | 1023(7.1) | 2.25
- 40 | 2.64(.09) | 60.9(1.5) | 306(33) | 32.1(4.6) | 25.9(1.4) | 1067(6.8) | 2.47
iCPP-mWS | - 20 | 1.37(.07) | 37.3(1.0) | 238(42) | 27.1(0.4) | 66.6(6.5) | 979(5.8) 1.40
- 30 | 1.72(.03) | 41.0(0.9) | 241(21) | 27.5(1.6) | 49.9(2.3) | 1019(6.2) | 1.69
- 40 | 1.97(.02) | 42.8(1.0) | 256(31) | 28.1(1.1) | 49.6(13) | 1063(6.3) | 1.85
bPP-mWS | - 20 | 1.65(.03) | 49.7(1.4) | 220(51) | 31.6(5.4) | 31.4(1.4) | 989(6.9) 1.67
- 30 | 2.03(.07) | 53.0(2.0) | 212(23) | 25.0(4.6) | 31.2(1.9) | 1013(10.4) | 2.01
- 40 | 2.37(.09) |55.4(1.1) | 297(38) | 32.7(5.0) | 28.9(1.2) | 1071(7.1) |2.21
hPP-Talc |20 | - 2.03(.16) | 62.4(2.0) | 366(69) | 40.2(0.3) | 27.5(1.5) | 1058(7.6) | 1.92
30 |- 2.36(.11) | 62.7(2.8) | 275(40) | 38.8(0.8) | 24.5(1.3) | 1101(78) 2.15
40 | - 2.55(.12) | 61.6(1.1) | 274(36) | 38.7(0.8) | 28.5(2.3) | 1258(2.8) | 2.03
icPP-Talc |20 | - 1.45(.07) | 35.4(0.9) | 281(76) | 25.0(0.4) | 54.1(4.0) | 1073(26) 1.35
30 |- 1.48(.04) | 35.2(0.8) | 280(44) | 25.5(0.4) | 46.3(3.0) | 1134(7.9) |1.31
40 | - 1.77(.12) | 37.0(0.4) | 277(35) | 27.2(0.4) | 38.4(2.7) | 1270(52) 1.39
bPP-Talc |20 |- 1.65(0.1) | 49.0(2.2) | 261(63) | 32.1(2.2) | 37.6(4.5) | 1065(1.7) | 1.55
30 |- 1.74(0.2) | 48.4(1.1) | 263(59) | 31.7(2.4) | 29.1(1.6) | 1149(4.2) |1.51
40 | - 2.22(.04) | 51.1(1.3) | 295(55) | 33.0(1.1) | 28.0(1.5) | 1258(1.3) | 1.77
hPP-mica | 20 | - 2.01(.08) | 55.7(1.4) | 271(47) | 38.7(0.2) | 26.6(1.9) | 1062(4.6) | 1.90
30 |- 2.45(.08) | 56.0(0.9) | 266(25) | 36.8(1.0) | 26.6(1.1) | 1143(2.8) | 2.14
40 | - 3.17(.05) | 56.1(1.0) | 287(36) | 30.5(3.6) | 22.2(4.8) | 1248(2.7) | 2.54
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icPP-mica | 20 1.47(.06) | 34.3(0.5) | 243(49) | 24.8(0.6) | 58.7(6.3) | 1051(4.4) | 1.40
30 1.83(.06) | 36.2(0.8) | 256(36) | 25.4(0.2) | 40.8(2.9) | 1137(7.5) | 1.61
40 2.03(0.3) | 35.5(5.3) | 238(37) | 26.4(0.7) | 30.1(2.1) | 1216(25.8) | 1.67
bPP-mica | 20 1.75(0.1) | 50.6(1.2) | 227(52) | 32.8(0.9) | 34.4(5.7) | 1057(4.5) | 1.66
30 2.07(.08) | 50.1(1.0) | 263(62) | 32.5(1.4) | 34.9(15.8) | 1147(2.7) |1.81
40 2.76(0.1) | 51.4(0.8) | 256(33) | 29.4(2.8) | 27.2(1.6) | 1238(11.5) | 2.23
hPP-White | 20 2.50(.08) | 65.1(1.7) | 262(38) | 42.5(0.6) | 24.1(2.1) | 1068(3.5) | 2.34
30 3.17(.09) | 72.5(0.8) | 353(43) | 43.4(2.8) | 27.6(1.9) | 1169(8.8) | 2.71
40 3.92(0.2) | 77.1(1.3) | 325(49) | 42.7(3.8) | 30.5(2.2) | 1279(8.1) | 3.07
gviﬁé 20 1.81(0.1) | 40.7(1.8) | 239(37) | 28.3(0.8) | 65.3(4.0) | 1069(3.9) | 1.70
30 2.27(0.1) | 46.0(0.8) | 249(35) | 31.8(0.7) | 58.7(1.5) | 1149(3.3) | 1.98
40 2.80(.08) | 50.9(1.2) | 297(49) | 34.1(1.0) | 58.3(2.3) | 1252(7.6) | 2.24
bPP-wnite | 20 2.17(0.1) | 56.3(1.4) | 225(46) | 36.2(0.6) | 31.7(2.4) | 1063(10.0) | 2.04
30 2.50(0.1) | 57.9(2.1) | 287(53) | 35.8(1.4) | 33.6(1.4) | 1159(1.6) | 2.15
40 3.07(0.2) | 62.1(2.8) | 294(57) | 34.8(3.5) | 34.4(0.9) | 1272(6.6) | 2.42

5.2.1 FLEXURAL STRENGTH

The effect of wheat straw and minerals on the flakstrength of polypropylene composites was
studied and is represented in Figure 5.5. At medamah high loading percentages (30 and 40
wt%), addition of wollastonite significantly impred the flexural strength of homopolymer
polypropylene composites. At low percentage load{@9 wt%) the effect of talc and
wollastonite did not seem to be considerably déiferalthough both increased the flexural
strength of hPP. The addition of fine WS, medium ¥l mica did show an increase in the
flexural strength of hPP. mWS and fWS enhancedstrength of hPP from 50 MPa to around

60Mpa at 40% loading whereas no improvement imgttewas observed by increasing the mica
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content from 20 to 40 wt%. The flexural strengtmoé€a filled homopolymer PP composite was

much lower than the strength of talc-hPP composite.

The effect of the fillers on impact copolymer palygpylene is shown in the Figure 5.5 (b).
Addition of talc and mica to icPP did not have amynificant effect since the flexural strength
values were similar to the result shown by the magolymer resin. Same observation has been
maintained at all filler levels too. Fine WS, madi wheat straw and wollastonite showed a
similar trend of increasing flexural strength wititreasing percentage loadings. However the
performance of wollastonite was much more significas is the case with homopolymer
polypropylene. The effect of fWS is slightly highttran that of mWS, though not so evident,
because of the fact that smaller fibers have lasgeiace area than longer fibres and thus better
wetting of the fiber with the matrix is possib{€ui 2010). This characteristic would have

enabled strong interfacial interaction in fWS-ic&iposite.

The highest flexural strength for wollastonite ddl icPP composites is attributed to the high
aspect ratio of the filler and good interfacial esilon between the matrix and the filler. It has
also been indicated that maleic anhydride graftedeRhances the interfacial bonding between
the matrix and wollastonit@€hen 2008).

The homo-co blend PP (bPP) showed higher flexunangth than the homopolymer or
copolymer PP alone. The performance of talc andamjgpeared to be lowering from 20 to
30wt% and increased by 1-2 MPa at 40 wt% loadinguf®e 5.5 (c)). The effect produced by
fine wheat straw and medium straw was not signitigadifferent at the three filler loading
percentages. The flexural strength of fWS, mWS walliastonite increased from 20 to 40 wt%.
Wollastonite improved the flexural strength of hqgutymer, copolymer and blend PP

significantly.
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5.2.2 FLEXURAL MODULUS

The flexural modulus of hPP composites increaseasiderably upon increasing the filler

content. At all loading levels, the effect of wallanite was very prominent. At 20 and 30 wt%,
both mica and talc showed similar effects on te&utal modulus of hPP. The effect of mWS
was observed to be higher than that of fWS. At 4% viaowever, mica showed a significant
improvement whereas the modulus values for tal& td mWS all fell within the same range.
Wollastonite exhibited a tremendous improvemennodulus by more than 100% at the lowest
loading level 20 wt%.

Figure 5.6 (b) shows that the flexural modulus opaymer PP composites improved upon
increasing the content of fillers in its matrix.| e fillers showed an increasing trend in the fle
modulus. It is well known that addition of rigid ntiales improves the stiffness of polymeric
matrices (Leong 2004). The enhancement in the prppéth addition of talc or mica is also
attributed to the high aspect ratio of the platgetHike structures. Mica exhibits better modulus
than talc and this is due to the fact that micalbeger flake size and higher aspect ratio. Thus
mica is likely to exhibit higher stiffness thanaglahani 2011, Maritomi 2010)The effect of
wollastonite on the matrix is superior to the effeproduced by other fillers at all percentage

levels.

PP blend of homopolymer and copolymer showed aifEdxmodulus of 1192.5 MPa. With the
addition of fWS, mWS and talc at 20% loading, a 38%rease in flexural modulus was
observed. Mica and wollastonite further enhancedntiodulus of the composite. At 30% filler
content, fWS, mWS and mica significantly improvdde tmodulus by 72%, 70% and 74%
respectively. Wollastonite showed more than 100éteiase in modulus at 30 wt% loading. The
enhancement in modulus with talc was not signifigamgh. The increase in modulus was again
observed at 40 wt% filler content with mica and hlastionite showing the maximum effect.
Relatively, the maximum enhancement in modulus wéaserved with the addition of

wollastonite among all filler types.
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5.2.3 TENSILE STRENGTH

The tensile strength of talc and wollastonite €illePP composites increased slightly at 20 wt%
loading and remained almost the same at higheirgddvels. At 20 wt% both mWS and mica
showed similar results as that of pure homopolyaret at higher loadings the tensile strength
greatly reduced. Wollastonite showed better resthigsr all the other organic and inorganic
fillers used in this study. The tensile strengtf\WfS-hPP composite reduced to around 34 MPa

and also seemed to exhibit a decreasing trend agading fine WS.

The tensile strength of fWS, mWS and wollastonited icPP composites is much higher than
that of the pure matrix and the obtained resultd¥& are in accordance with the datas provided
in the literature (Mengeloglu 2008). Wollastonitasha needle shaped structure, a fiber like
appearance very similar to that of wheat strawiglag. This could be one of the possible
reasons why wollastonite and wheat straw behake alicertain cases. Addition of talc or mica
to impact copolymer polypropylene (icPP), howewkd not prove to be effective at any filler
level. This is unexpected since it is documenteat taddition of talc improves the tensile
strength of the composite (Eroglu 2007, Lapcik 2008ong 2004). The elastomer present in the
copolymer matrix would have possibly encapsulateal filler materials (having a sheet like
structure) resulting in poor distribution of thertpdes in the matrix and also failing to expose
the effect of talc or mica onto the matrix. The sgphenomena happens at higher levels too but
since there is a higher content of talc or mica,ténsile strength either remains the same (at 30
wt%) or increases slightly at 40 wt%.

From the tensile tests carried out for the PP big#P) composites it was observed that the
tensile strength decreased with the addition &drl Wollastonite was an exception at 20 wt%
content. A 4% increase in tensile strength was rvlkseat 20wt% wollastonite loading: further
increasing the amount of wollastonite to highercpatages decreased the tensile strength to 34.8
MPa. From Figure 5.7 (c) the tensile strength ef¢tbmposite seemed to be independent of the

filler content.
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5.2.4 TENSILE MODULUS

The tensile modulus of isotactic homopolymer PRdased significantly with addition of talc to
its matrix system at the lowest concentration ofw@®. This increase is attributed to the fact
that the talc particles impose restrictions on thebility of the hPP molecules and thus
contributed to increasing the rigidity of hPP. Hmwer the modulus decreased upon further
increasing the content of talc from 20 to 40 wtPhis reduction could be the result of formation
of talc agglomerates at higher concentration. Wntiic, all the other four fillers improved the
tensile modulus from 20 to 40 wt% though the magtetof increase is very small. At 30 percent
loading, mica and fWS reduced the modulus of hPRwis not very significantly low whereas

wollastonite improved the modulus greatly.

Tensile modulus of talc-icPP composites did notwstamy difference upon increasing the
content of talc in the copolymer matrix. Howeveeyous literature study indicates a linear
increase in the tensile modulus of talc filled dgpter composite (Leong 2004). This decreased
modulus could be the result of a poor interfacitiesion between talc and the matrix. Modulus
of mica-filled composite was much lower than thitatc composite. At 30 wt% however mica
showed a slight improvement in the modulus with @lue of 256 MPa. A significant
improvement in modulus is observed only in casevollastonite filled icPP composites. Fine
WS and medium WS also improved the tensile modalugll filler loading levels but the
difference in values is not very high. Literatutgows that there is no significant effect of
polymer type on the tensile modulus of the comgositerefore the increase in tensile modulus,
in general, is due to the presence of coupling taglich enhances adhesion between matrix and
filler (Megeloglu 2008).

The tensile modulus of PP blend increased witheiasing filler content. At 20 wt% loading, the
effect of mica, wollastonite and mWS was similad ahe modulus values were lower than the
pure blend. Talc and fWS exhibited higher modul&t.30 wt% and 40 wt% respectively,
addition of mWS and mica was detrimental to thendleThe other fillers showed similar trend
of higher modulus at 30 and 40 wt% input (Figui& (€)).
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5.2.5 IMPACT STRENGTH

The impact strength of homopolymer polypropylenerdased upon adding the fillers (Figure
5.9). It was observed that as the amount of walldst increased from 20 wt% to 40 wt%, the
impact strength of the hPP composite increased #érh J/m at 20 wt% to 30.5 J/m at 40 wt%.
Almost all the fillers showed a similar trend otreasing impact strength. It was interesting to
note that wollastonite filled composite at the lghloading level had impact strength very close
to that of the pure resin. It was also observettdla performed better than mica and this is very
much in accordance with the literature studies twhatate that talc is more efficient in
maintaining impact strength whereas mica is mofeieft in maintaining stiffness (Jahani
2011, Maritomi 2010).

The impact strength of impact copolymer PP decrkbaggnificantly with the incorporation of

filler into the matrix. According to literature,llérs like talc and mica suppresses the mobility
(deformability) or flexibility of the polymeric cha (Maiti 1992). The impact strength also

decreased with increasing filler content. The tssobtained at low filler content are higher than
those obtained at higher contents. This could tse® to the fact that as the concentration of
fillers increases they tend to form agglomeratethea matrix (Eroglu 2007), resulting in non-

homogeneous distribution of the filler, thus fagiino transfer stress during an impact. The
addition of filler counteracts the effect of elast&r/comonomer in the copolymer matrix. At 20
and 40 wt% loading, the effect of medium WS andlasbbnite on the impact strength of the
composite is higher than the other fillers. At 3@wtonly wollastonite shows a high value for

impact strength and all the other fillers have Enlow effect on the notched impact toughness.

As is the case with homopolymer PP and copolymertR® impact strength of the PP blend
(bPP) also decreased drastically upon adding fidgds. With all fillers except wollastonite, the

strength decreased with increasing content as Welvever, at 20 wt% talc exhibited higher
impact strength of 37.6 J/m whereas at 40wt% widtate exhibited higher impact strength of
34.4 MPa. At 30 and 40 wt%, the effect of fillep&was negligible. Overall, the incorporation
of filler to the copolymer and PP blend matrix pgduto be detrimental. Though fillers reduced

the impact strength of homopolymer PP, it was nat@e change.
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5.2.6 SPECIFIC FLEXURAL MODULUS

The specific flexural modulus (SFM) relates thexdieal modulus with density of the composite.
The density values for all composites and purenseare shown in Table 5.2. Mineral fillers
have higher densities than bio-fibres. As expectld, density of composites was greatly
influenced by the type of filler and filler loadinghe relative results of specific flexural modulus

are represented in Figure 5.10.

For homopolymer composites, the specific flexuradodus increased with increasing filler
loading. Increase in the property is quite sigaificwith fWS, mWS, mica and wollastonite.
Though the flexural modulus of talc hPP compositeseased significantly from 20 to 40 wt%,
SFM did not show any such trend. Mica and mWS eatddlalmost the same behaviour at all the
filler contents. Comparing mWS and wollastoniteg tiigh SFM showcased by wollastonite at
20% loading was achieved by mWS only at 40 wt% ilogdwhich indicates a potential for

weight savings with the use of wollastonite.

The specific flexural modulus of talc icPP compesitvas higher than pure copolymer but
relatively lower than other fillers at all fillerepcentages. Again wollastonite had a superior
effect on the SFM of the composite. The effect pozdl by wollastonite at 20wt% is similar to
the effect of fWS at 30wt% and the effect of waiteste at 30wt% is similar to the effect of
fWS at 40wt%. It can be inferred from this thatheg loadings of WS is required to achieve the
properties achieved by wollastonite at lower petaga and thus wollastonite can replace WS

where low loadings with improved properties arefgnred.

With homo-co blend PP also, the specific flexuralduus increased with increasing filler. The
addition of talc did show an improvement from 204@ wt%, unlike in homopolymer and
copolymer. The behaviour of fWS, mWS and mica waseoved to be same at 20 and 40 wt%
loadings. The effect of wollastonite in PP blendhwiespect to the SFM did not change at 30
wt% loading but showed an increase at 40wt%. Mim&yS and fWS increased the specific
flexural modulus by 72% at 40 wt% loading whereadlagtonite improved the property by
86%. The improvement exhibited by talc on PP blead only 36.2 %.
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5.2.7 SEM

The interaction between filler and matrix has gielience on the mechanical properties of the
composite. A composite with a better filler/matrirterface can result in good overall
performance. In this study, SEM analysis was cotetlto investigate the interaction of fine WS
and medium WS at 30 wt% loading with homopolymepalymer and polypropylene blend.
The interface interactions in hybrid composites enafl 15/15 wt% of mineral/WS were also
investigated. Impact fractured surfaces of the amsiips were probed for distribution and

interaction of fillers. All the composites contacth®IAPP coupling agent.

Figures 5.11, 5.12 and 5.13 represent the fractsuefdce of 30 wt% filled fWS-hPP, fWS-icPP
and fWS-bPP composites. It can be clearly obsefr@ad Figure 5.11 that fWS is strongly
bonded to the homopolymer matrix without lettingelf to be pulled out during impact which
indicates a good interfacial interaction betweem filer and the matrix. The strong interface
between the hydrophilic fiber and hydrophobic resam be associated with the presence of
coupling agent as supported by other literaturelietu(Mengeloglu 2008, Gittler 2009). In
Figure 5.12, wide gap in the interface between @&M8 icPP is an indication of poor interaction
or bonding. It can be clearly seen in Figure 5Ha the fWS fibers are cut out from the surface
of the PP blend matrix, which demonstrates thengttmonding of fWS with bPP matrix. These
SEM investigations support some of the earlier Wismons on mechanical properties of fWS
based composites (Section 5.2.1). The better mesdiaperformance of fWS-homopolymer
composite at 30wt% loading against that of fWS-dpper composite at the same composition

can be favorably associated with the observatiotieniom SEM analysis.

Figures 5.14 and 5.15 represent the fractured cesfaf 30 wt% mWS filled icPP and bPP
composites. The SEM image for mWS-hPP composgblasvn in Appendix B.The icPP matrix
filled with mWS also show poor interaction of thidef with the matrix due to the presence of
visible gap in the interface. This poor interactwith copolymer can be thought to be associated
with the type and amount of coupling agent useds€&hparameters (consistently used at same
composition for all formulations) may not be thetiopum for a copolymer bio-fiber composite.

It can be concluded from SEM analysis that mWS thd$& composite performs better than the

copolymer or PP blend which also supports the previdiscussions on superior mechanical
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performance for mMWS hPP composite at 30wt% loadtmgure 5.15 shows fiber pull out from

the surface of mMWS-bPP composite which again is@igation of poor bonding with the blend.

Good interaction between fWS and
hPP matrix

10um

NAMOMECHAMICE

HESEARCH IMBTITUTE |

Figure 5.11SEM of 30 wt% fWS-hPP composite (1000X)
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Figure 5.13EM of 30 wt% fWS-bPP composite (500X)
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Figure 5.155EM of 30 wt% mWS-bPP Composite (300X)
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5.2.8 WATER ABSORPTION

The water absorption plots for wheat straw fillemnposites are presented in Figure 5.16. The
effect of absorption of water was studied by vagyine type of WS (fine WS and medium WS)
and content of WS (0 to 40 wt %) in homopolymerpagmer and the blend, keeping other
parameters (antioxidant and coupling agent conagotr) constant during composite

preparation.

An increase in composite weight was observed uporeasing the amount of wheat straw in all
the composites. It was found that at the pure petyat 0 wt% fWS did not absorb any
significant amount of water even after 40 weeksemposure, typical of any hydrophobic
polymer. At 20 wt% loading of fWS, there was a weigain of 4.2% after 40 weeks, which can
be associated with the water absorption charatitsrief WS. Upon increasing the percentage
loading to 30 and 40 wt%, the composite gained &hteof 6.4% and 9.4% respectively.
However, the sample having 40 wt% fine WS appe#oeldave saturated after 10 weeks. The
same trend was observed for samples containingehigmounts of medium WS as well. The
hPP composite having 20 wt% mWS gained around 3w&ight, a little less than fWS. At
30wt% loading, the percentage gain in weight o#8\as significantly higher than that of fWS.
The composite with 40 wt% mWS with 10.3% weighthgaliso saturated after 10 weeks.

The impact copolymer PP composites also showedsHme pattern of increasing water
absorption with increasing filler content. Thedilltype did not show any effect at 20 and 30
wit% filler. Both fWS and mWS gained a weight of @&t 20 wt% loading and 8.5% at 30 wt%
loading. At 40 wt% fWS and mWS loading, the composamples gained 15% and 14.1%
respectively. No saturation was observed in anyhef icPP composites after 40 weeks of

exposure.

It was observed that bPP composites with 40wt% fé&8hed saturation after 10 weeks and the
sample with 40wt% mWS saturated after 13 weeks.hiteer the concentration of WS in bPP,
the higher was the percentage gain in weight. Aut38 the % gain in weight was similar for
fWS and mWS, like in impact copolymer composite,evdas at 20wt% the fWS composite
gained slightly higher weight than mWS. Compositéth 20 and 30 wt% loading continued to
gain weight even after 40 weeks with an increasg%fand 8.7% for fWS and 4.3% and 9.3%

for mMWS respectively.

85



16 - Homopolvmer PP a

= fWS20%%
== fWS30%
——fW540%0
H-mWSs20%
== mWS30%
—S-mWS40%

—4— Pure hPP
" !
0 4 10 15 20 25 30 35 40 45

Impact Copolymer PP b

=
hy
]

= WS20%
= W53 0%
—— WS540%
H-mWs20%
- mWS30%
—=—mW340%:
—+—Pure icPP

] H T * T T 1
] 5 10 15 20 25 30 35 40 45

Homo-Co Blend PP C

=
[

Ny

Increase in Weight (%)
[ %]

- Ws20%
——fWS530%
——fW540%
BH-mWS520%:
—&-mWS30%
—S—mW540%:
——Pure bPPF

o 5 10 15 20 25 30

Time (Weeks)

Figure 5.18Nater Absorption Plot for WS fille(a) hPR (b) icPP and (c) bF Composites

86



Homopolymer PP —=—talc20%
0.64 -
—+=talc30%
S 0.56 -
e =o=-talc40%
= 048 -
K= ===-mica20%
g 040 castvo
i 0,
'E 032 - =A=mica30%
§ 0.24 - =e=-mica40%
E 0.16 - ===wnite20%
0.08 —A=Wnite30%
OOO ‘. T T — T T 1 = Wn|te40%
0 5 10 15 20 25 30 35 40 45
=¥=Pure hPP
Time (Weeks)
Figure 5.1Water Absorption Plot for Mineral filled hPP Comjfies
Impact Copolymer PP
1.00 - ===talc20%
S —A—talc30%
S —6=-talc40%
()
mica20%
E ===mica20%
.é =A—=mica30%
S
S —e-mica40%
cC
- ~==wnite20%
—#=Wnite30%
000 fes 2 T T T T T T T T 1 i o
0 5 10 15 20 25 30 35 40 45°°wnited0%

Time (Weeks) =¥=Pure icPP

Figure 5.18Vater Absorption Plot for Mineral filled icPP Congites

87




Homo-Co Blend PP

==~talc20%
—~—talc30%
=e~-talc40%
===mica20%

—£=mica30%

=2=-micad40%

~==wnite20%

Increase in Weight (%)

—2=wnite30%

. T —e-wnite40%
0 5 10 15 20 25 30 35 40 45

Time (Weeks) —¥—Pure bPP

Figure 5.19Vater Absorption Plot for Mineral filled bPP Comjfies

The water absorption characteristic of talc, mica avollastonite filled hPP, icPP and bPP
composites are represented in Figure 5.17, 5.18dl An increase in composite weight can
be observed with the addition of mineral fillerslamith increasing loading of the fillers in pure
resin. However this increase is significantly lowlean WS based composites. At 20, 30 and 40
wt% loading, talc hPP composite gained a weighd.@%6, 0.12% and 0.18% respectively after
40 weeks of immersion in water. Such behaviour lmarassociated with the hydrophobicity of
minerals in general. Wollastonite also exhibitemhikir characteristic as talc when exposed to
water except at 40 wt% loading where there is dhfi4% gain in weight. Also, talc and
wollastonite composites saturated at 22 weeks gfogxwe. The behaviour of mica was
completely different from the other minerals. Fréingure 5.17 it is clearly observed that mica
filled homopolymer at 20, 30 and 40% loadings absdrmore water than talc and wollastonite
composites. Mica at 20 wt% experienced a weight gdi 0.3% which is higher than talc
composite at 40wt% but reached saturation at 2ksydike talc and wollastonite. Mica hPP
composites at 30 and 40 wt% do not show any indicaif saturation even after 40 weeks of

exposure as seen in the figure. The percentageigaiveight for 40wt% mica composite is
maximum at 0.6%.
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The incorporation of talc at 20 wt% to the copolymmaatrix did not show any effect on water
absorption property of the composite. It is obsérfrem Figure 5.18 that the water absorption
characteristic of copolymer composite did not depem talc or talc loadings, whereas a
significant increase in weight is observed with anand a little lower effect with wollastonite.
Neither the composite specimens nor the pure resiched saturation even after immersion for
40 weeks. It is interesting to note that wollas®rat all loadings behaved in the same manner
which indicate that the water absorption charastieriof wollastonite filled copolymer
composite is independent of the wollastonite canitethe matrix. After exposure for 40 weeks,
wollastonite composite showed a 0.5 % gain in wgligltomparison to icPP. The trend for mica
with copolymer is similar to the trend observedhAibmopolymer. At 30 and 40 wt% fill, mica-
icPP composite showed a weight gain of 0.7 and®r@spectively. It is also important to note
that copolymer composites exhibited higher weigtibh ghan homopolymer composites.

Homopolymer-copolymer blend PP composites showsmlasi trend as copolymer composites.
It can be observed that the blend without anyrfilkaturated at 22 weeks of exposure to water
(Figure 5.19). The filled composites did not shawy such behaviour of saturation. Talc and
wollastonite showed a similar increase in weigh0 &% after 40 weeks. No significant change
in water absorption behaviour is noted for the twiaerals but it is important to mention that
there is 0.3% increase in weight gain comparedite plend after 40 weeks. Like homopolymer
and copolymer, the blend showed maximum absorgtiavater with the presence of mica. Mica
at 20wt% loading increased the weight of the comedsy 0.4%. Higher percentages of mica
showed a weight gain of 0.53% and 0.72% withoutsigy of saturation.
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6 RESULTS AND DISCUSSIONS POLYPROPYLENE HYBRID
COMPOSITES

6.1 FORMULATIONS AND PROPERTIES

Several tests were carried out to analyze the betwawef composites when two fillers, organic
and mineral fillers, were combined together in thatrix to produce hybrid composites. The

total concentration of fillers was maintained atv@%o and the properties were tested by varying

the composition of mineral and organic fillers @t20, 15/15 and 20/10 weight percentages.

Table 6.1 Formulations and Properties Chart forridyPP Composites

[%2]
— ~ — =
P ’CU\ © © © — _g
| 5 £ £ £ g :
S 1 = 4 < 2 =
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N = o T T et et E a =
hPP-Talc- | 10 20 | 2.17(.09) |58.1(0.9) | 272(29) | 30.2(2.0) | 22.2(1.1) | 1056(14.3) | 2.06
fws
15 15 | 2.16(0.1) | 55.6(0.8) | 278(37) | 33.2(3.5) | 23.6(2.4) | 1095(3.3) | 1.97
20 10 | 2.14(0.1) | 56.2(1.5) | 278(24) | 34.3(2.6) | 21.6(1.1) | 1109(2.9) | 1.93
icPP-Talc- | 10 20 | 1.52(.04) | 37.6(0.6) | 259(24) | 25.7(1.1) | 45.2(2.7) | 1049(6.1) | 1.45
fws
15 15 | 1.58(.02) | 36.9(0.5) | 237(31) | 26.3(0.6) | 45.2(3.3) | 1079(3.4) | 1.47
20 10 | 1.47(.06) | 34.8(0.8) | 248(30) | 25.0(0.6) | 48.0(3.0) | 1100(2.7) | 1.34
bPP-Talc- | 10 20 | 1.72(.08) | 48.1(1.2) | 265(33) | 30.4(2.4) | 22.3(0.7) | 1064(4.5) | 1.61
fws
15 15 | 1.74(.08) | 49.8(0.8) | 250(37) | 28.1(2.2) | 26.4(1.3) | 1083(5.0) | 1.61
20 10 | 1.89(.06) | 49.9(0.9) | 260(36) | 30.9(1.1) | 25.4(1.3) | 1116(7.6) | 1.69
hPP-mica- | 10 20 | 1.98(0.3) | 57.6(2.7) | 276(41) | 28.7(2.5) | 21.3(1.0) | 1076(6.7) | 1.84
fws
15 15 | 2.02(0.2) | 56.7(0.9) | 275(45) | 31.4(2.1) | 21.9(1.4) | 1091(3.2) | 1.85
20 10 | 2.29(.05) | 56.1(1.5) | 287(50) | 30.2(2.1) | 22.8(0.5) | 1099(11.1) | 2.08
icPP-mica-| 4 20 | 1.51(.03) | 36.8(0.3) | 243(37) | 25.5(0.8) | 47.7(1.9) | 1040(6.2) | 1.46
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15 15 | 1.70(.03) | 36.2(0.6) | 267(10) | 26.1(0.2) | 42.8(3.1) | 1074(4.2) | 1.58
20 10 | 1.60(0.1) | 36.1(1.9) | 256(40) | 26.0(0.5) | 45.2(3.1) | 1089(5.6) | 1.47
bPP-mica- | 10 20 | 1.91(.12) | 49.4(2.1) | 262(36) | 28.0(2.5) | 26.3(1.4) | 1061(10.5) | 1.80
e 15 15 2.46(.07) | 54.3(0.8) | 271(32) | 29.2(2.3) | 25.4(0.7) | 1085(4.7) | 2.26
20 10 2.12(.36) | 49.3(4.5) | 302(52) | 29.9(3.6) | 25.4(0.7) | 1078(10.2) | 1.96
hPP- 10 20 2.37(.09) | 58.2(1.8) | 307(56) | 35.8(2.6) | 23.6(0.8) | 1075(3.4) | 2.21
White-fWS
15 15 | 2.24(0.1) | 59.0(1.3) | 325(29) | 36.8(2.9) | 23.8(2.2) | 1087(3.0) | 2.06
20 10 2.51(0.2) | 63.1(3.4) | 327(56) | 38.8(3.3) | 25.4(1.7) | 1109(3.7) | 2.26
icPP- 10 20 1.81(.08) | 39.6(1.7) | 265(30) | 25.8(0.9) | 50.9(1.6) | 1050(7.3) | 1.73
White-fWS
15 15 | 1.72(.04) | 38.3(0.6) | 221(28) | 27.0(0.5) | 47.8(2.8) | 1075(6.2) | 1.61
20 10 | 1.89(.08) | 40.1(2.0) | 233(36) | 27.8(0.5) | 55.8(2.7) | 1103(2.6) | 1.72
bPP- 10 20 2.07(.05) | 51.2(1.4) | 281(39) | 30.5(1.9) | 27.3(0.9) | 1071(2.5) | 1.93
White-fWS
15 15 2.11(.05) | 50.7(0.5) | 278(43) | 31.7(4.1) | 28.6(2.0) | 1096(3.0) | 1.92
20 10 2.19(.07) | 53.8(2.3) | 284(52) | 33.3(2.3) | 28.8(1.7) | 1111(7.1) | 1.97
hPP-Talc- | 10 20 2.08(.06) | 56.6(1.5) | 285(46) | 30.4(3.9) | 24.3(1.2) | 1068(3.5) | 1.95
s 15 15 | 2.03(.08) | 54.7(1.2) | 273(56) | 32.7(4.2) | 23.2(1.8) | 1095(11) | 1.85
20 10 | 2.02(.14) | 56.4(1.7) | 301(31) | 33.8(1.9) | 25.1(1.2) | 1096(11) | 1.84
icPP-Talc- | 10 20 1.60(.04) | 37.1(0.8) | 263(33) | 25.1(1.4) | 49.1(2.1) | 1062(6.6) | 1.51
s 15 15 | 1.57(.04) | 36.0(0.4) | 260(40) | 24.5(1.6) | 49.4(2.4) | 1071(5.4) | 1.47
20 10 | 1.53(.05) | 35.5(1.3) | 256(37) | 24.2(0.5) | 47.3(2.6) | 1095(5.3) | 1.40
bPP-Talc- | 10 20 | 1.77(0.1) | 48.9(1.0) | 267(45) | 25.9(2.5) | 28.9(1.2) | 1069(4.1) | 1.66
s 15 15 1.83(.06) | 50.0(0.6) | 275(43) | 29.5(2.4) | 28.0(1.5) | 1087(3.9) | 1.68
20 10 1.85(.04) | 49.6(0.8) | 302(13) | 30.0(1.8) | 27.7(1.5) | 1110(2.8) | 1.67
hPP-mica- | 10 20 2.28(0.1) | 56.0(0.9) | 307(56) | 35.8(2.6) | 26.5(0.7) | 1038(16.7) | 2.19
s 15 15 | 2.31(.05) | 54.8(1.1) | 311(43) | 32.3(3.5) | 23.1(1.5) | 1080(1.8) | 2.13
20 10 | 2.33(.07) | 52.7(1.7) | 286(50) | 30.2(2.1) | 23.4(2.0) | 1095(2.9) | 2.13
icPP-mica-| 10 20 | 1.64(.08) | 35.4(1.5) | 254(52) | 25.0(1.4) | 42.2(2.8) | 1056(4.7) | 1.56
s 15 15 | 1.62(.07) | 35.6(0.8) | 270(35) | 27.0(0.4) | 40.4(3.2) | 1061(17.1) | 1.52
20 10 | 1.64(0.1) | 34.1(0.8) | 280(40) | 25.6(0.8) | 42.5(3.2) | 1075(12.0) | 1.53
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bPP-mica- | 10 20 | 1.93(.08) | 48.91.7) | 273(49) | 29.0(4.2) | 26.5(1.0) | 1057(7.8) | 1.83
S 15 15 | 1.99(.08) | 47.9(1.0) | 291(47) | 31.0(1.4) | 25.6(1.3) | 1080(14.0) | 1.84
20 10 | 2.07(.16) | 47.4(1.6) | 287(33) | 29.9(2.4) | 22.7(1.6) | 1100(4.5) | 1.88
C\m‘e_ 10 20 |2.33(0.1) | 59.2(1.7) | 279(30) | 31.6(2.8) | 25.0(2.1) | 1069(3.8) | 2.18
it 15 15 | 2.55(.05) | 62.9(1.7) | 299(31) | 34.02.6) | 25.7(0.9) | 1100(8.8) | 2.32
20 10 | 2.63(.08) | 64.1(1.8) | 326(17) | 38.2(2.5) | 26.2(0.3) | 1104(10.5) | 2.38
{fviﬁé_ 10 20 | 1.66(.09) | 37.0(1.4) | 250(43) | 26.9(0.8) | 61.7(4.0) | 1048(3.5) | 1.58
S 15 15 | 1.76(.09) | 37.2(1.0) | 231(39) | 27.4(0.8) | 60.6(1.8) | 1070(6.6) | 1.64
20 10 | 1.78(0.1) |36.7(2.2) | 260(37) | 27.5(1.0) | 62.8(3.0) | 1100(3.5) | 1.62
anﬁ’t'e_ 10 20 | 2.1002) | 51.6(1.9) | 266(35) | 30.3(3.6) | 29.1(1.6) | 1057(5.5) | 1.99
A 15 15 | 2.16(.05) | 52.9(1.5) | 261(39) | 30.1(3.5) | 30.9(1.7) | 1091(4.3) | 1.98
20 10 | 2.40(.11) | 54.3(2.9) | 274(38) | 31.5(4.4) | 31.6(2.4) | 1114(3.0) | 2.15
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6.1.1 FLEXURAL STRENGTH
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Figure 6.1Flexural Strength of (a) Mineral/fWS (b) Mineral/n8WPP Composit

The combined effects of mineral er and agro-based filler oRP hybrid composites we
investigated. Figure 6.(a) shows the flexural strength results obtained¢@mbining a minral
filler and fine WS into the homopolymer matrix.ist clearly seen that at 30 wt% single fil
loading, all mineral fillers behaved very well coaned to the effects shown by fWS. When
result is weighed against the result obtained fdorid conposite, it is found that, the hybr
talc-fWS, micafWS and wollastonit-fWS hPP composites have greater flexural strertugin
pure fWS composite and lower strength than pureeralncomposites. The hybrid property
wollastonite and fWS composites at wt% and 10 wt% loading respectively did shov

significant improvement in comparison with othermtmnations. There is synergy effe
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observed for hybrid composites when comparing tiees with pure fWS. But mixing the straw

filler with a mineral did not prove to be effectitethe mineral-hPP composite.

From previous results obtained for pure hPP congssit is inferred that fWS composites have
lower flexural strength than mineral based compessédt 30 wt%. So the replacement of fWS
with mineral fillers in the total 30 wt% filler céent is expected to improve the strength as is
clearly shown in the Figure 6.1(a). The flexuraksgth of hybrid homopolymer composites is

significantly higher than the pure homopolymer.

Similar effect of increasing flexural strength, qmemed to pure hPP composite, was observed in
case of mineral filler-medium WS filled homopolymas well. See Figure 6.1(b). The more
mineral content in the hybrid composite, highethis flexural strength of the wollastonite-mWS
hybrid hPP composite. Synergy is observed onlyasecof 15/15 and 20/10 wollastonite/mWS
combination with respect to the mWS hPP compos$ite. fibre like needle shaped morphology
of wollastonite could be the contributing factor focreasing flexural strength. In case of other

blends, the flexural strength was lower than ttigtuve hPP composites.
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Figure 6.ZFlexural Strength of (a) Mineral/fWS (b) Mineral/n&/icPP Composites

The flexural strength redslobtained for hybrid miner-bio-fiber icPP comosites are reported
in Figure 6.2(a) and 6.%). At 30 wt% loading of individual fillers, fin@nd medium W:¢
improves the flexural strength of impact copolyn®® in comparison with talc or mica. T
influence of wollastonite is however much greater thath lgrades of wheat straw. There i
reduction in the flexural strength on mixing twifis into icPP matrix. Mixing of talc, mica au
wollastonite, to fWS in the composite, showed gtlincrease ithe strength compared to t
effects shown by pure talc and pure mica compaos@@snging the composition of mine
fillers or the organic fibres in the hybrid compgesdid not have much effect on flexu
property. There was a slight increase in stth upon changing the content of wollastonite

fWS which is smallethan pure fWS icPP compos
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Higher flexural strength of fWS and mWS icPP conifggsat 3/ wt% loading indicates th:
addition of WS into the mineral based compositescdpt wollastorte) only increases tr
flexural strength. It was also observed that thridyproperties were higher than that of p

impact copolymer.
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Figure 6.Flexural Strength of (a) Mineral/fWS (b) Mineral/n&bPP Composites

The order of increasing flexu strength for individual filler bPEsingle filler bPP composit at
30 wt% loading was observed to be talc, mica, fWil wollastonite. The latter seemed
behave very well almost with all grades of PP all as at different compositions. At 10/2nd

20/10 loading of mineral/fib fillers, the highest flexural strength walstaine( for wollastonite-
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fWS bPP composite. A slightly different observatisas seen for mica-fWS composite at 15/15
loading (Figure 6.3 (a)). They exhibited higheresgth than the other two compositions at
15/15. Incorporation of mica at 15 wt% and wollast® at 20 wt% improved the flexural

strength of fWS-bPP composite, whereas these seswdre much lower than that of pure
wollastonite based composite. Similarly additionfafS at 15 wt% enhanced the strength of

mica composite.

The results obtained with incorporation of mediuns \Whd minerals together into bPP matrix
are very similar to that of fWS-mineral hybrid coosges. The flexural strength of
wollastonite/mWS composite at 20/10 wt% loadinghigher than pure mWS and lower than
pure wollastonite based composite. The order ofemging strength at 15/15 and 20/10 wt%
loading is mica/mWS, talc/mWS and wollastonite/m\i8dition of mWS to talc or mica do not
improve the strength of pure talc or mica based.bR&e too only wollastonite shows

enhancement with respect to the strength of puréSAlW®P composite.
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6.1.2 FLEXURAL MODULUS

Homopolymer PP (a)

3500 BTalctHfWs ®WMicatfWs B WollastonitetfWS

3000 -

2500 -

2000 -

1500 -

1000

500 -
0

D%—FED% ID%-HZD% 15%+15% 20%+10% 30%+0%

3500 - BTalctmWS B MicatmWS BEWollastonitetmWS

3000 -
2500 -
2000 -
1500 -
1000
300 I
0

D'?-’n-l-?r[}% ID'B'fn-l-_?D% 15%+15% 20%+10% 30%+0%
Mineral (wt%) + WS (wt%)

Flexural Modulus {(MPa)

Figure 6.4FlexuralModulus of (a) Mineral/fWS (b) Mineral/mWS hPP Compos

The addition of two types of fillers in the homopwmler matrix was quite challenging wi
respect to flexural modulus of 30 wt% fWS compaosiee latter had a modulus around
1.9GPa whereas the lowest stiffness value fohttieid composites itself is 2GPa for mica/f\
filled at 10/20 wt %, although there are experital errors as shown in Figure (a). As the
percentage of mineral fillers w increased from 10 wt% to 20 %tand the amount of fWS w.
decreased from 20 94 to 1( wt% in each composition, a significant increase ifingtss was

observed. For each hybrid mixture, wollastonite/B\@howed higher stiffness than mica
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talc filled mWS composite. Resultbtained for hybrid composites were lower than tifgiure

mineral filled hPP composites, but certainly higthem 1.4 GPa, flexural modulus of pure re

Homopolymer hybrid composites comprising of minefilers and medium WS showe
different charag@ristics. Talc/mWS and mica/mWS hybrids had lostdfness tharindividual
mWS talc or mica hPP composites. The modulus of wtilasite and mWS hybrid variety
15/15 and 20/10 wt%adings was considerably greater than that ofviddal mWS composi,
but significantly lower than that of pure wollasttenfilled homopolymer matrix. As in all case
the hybrid property was higher than that of purerixi
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Figure 6.9 lexuralModulus of (a) Mineral/fWS (b) Mineral/mW&PP Composites
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The flexural modulus of impact copolymer hybrid Bé#nposites was comparable with those
results obtained for homopolymer mineral/medium W®rids. At 10/20 and 20/10 loadings
wollastonite/fWS combination showed significantlyglier stiffness than the other hybrid
varieties. This observation indicates that theremsll amount of synergy effect for wollastonite
and fine WS compared to pure fWS composite. Thecethf mica/fWS and wollastonite/fWS at
15/15 wt% loading were not different but high. Agathe hybrid composites had higher

modulus than pure matrix.

When comparing the results obtained for pure medig and mineral composites at 30wt%
loading, it is clearly seen that the stiffness gbitid composite made of talc/mWS increased at a
slow rate from 20 wt% to 10 wt% loading (Figure (6)». Before hybridization, talc based icPP
had a modulus of around 1.48 GPa whereas afterpacation of both talc and mWS into the
matrix the stiffness rose to 1.6 GPa which indisatgnergy. This was not observed in case of
mica or wollastonite hybrids with mWS. WollastonmaVS hybrid also showed a slight increase

in stiffness of 1.78 GPa compared to the modulusWfS icPP composite, 1.71 GPa.
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Figure 6.6 lexuralModulus of (a) Mineral/fWS (b) Mineral/mW®PP Composites

Addition of mica and fWS &t5/15 wt% to polypropylene blend did produce ansualiincreas
in stiffness of 2.45 GPa which appeared to be etrge to the modus value of 2.49 GPa f
wollastonite compsite. It can be inferred frorFigure 6.6a) that at 10/20 and 20/ wt%
loadings wollastonite/fWS mixture had the highdsixdiral modulus whereas at 15/wt%
loading mica/mWS improved the stiffness of PP blaignificantly. Wollastonite/mWS ha

similar modulus as pure mWS with a slight increais20/10wt% loading: which again indicates

synergy.
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The hybrid composites had a higher stiffness coeth&w the pure blend polymer. Combination
of wollastonite and medium WS showed synergy upumeiasing the content of wollastonite
from 10 wt% to 20 wt%. This combined effect wasesied at 20/10 wt% loading of mica/mWS
as well. The stiffness effect shown by talc/mWSnmarbe avoided because there is indeed a

minor increase upon varying the percentage of m@® fLO to 20 wt%.

6.1.3 TENSILE STRENGTH
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Figure 6.7Tensile Strength of (a) Mineral/fWS (b) Mineral/mW8P Composites
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Figure 6.7 (a) and (b) shows the tensile stren@ithybrid composites of WS and minerals at
10/20, 15/15 and 20/10 wt% loadings in comparisath whe effect of individual fillers at 30

wt% on the homopolymer composite. Homopolymer dillgith f\WS/talc and fWS/wollastonite

show increasing tensile strength when evaluatednsig@0 wt% fWS-hPP composite. The
positive effect of hybridization also increaseshatite increasing fraction (10 to 20 wt %) of the
mineral fillers (talc and wollastonite). The hybedfects of mica and fWS were not evident at
any filler ratios. When comparing these hybrid Hsswith 30wt% mineral loading on hPP, the
effect is low. The tensile strength is observedoéodecreasing (from right to left of Figure
6.7(a)) for all mineral/biofiber filled hybrid hPHhis plot suggests that at any loading level,
replacement of fraction of fWS with mineral fillas advantageous to the homopolymer

composite property but not vice versa.

At 10/20 ratio of mica/mWS loading, the homopolynséows a tensile strength of 35.8 MPa,
very close to the strength of pure mWS filled cosif®(35.1 MPa). As the percentage of mica
in the hybrid composition is varied from 10 to 284y the tensile strength decreases. Talc/mWS
and wollastonite/mWS hybrids show poor propertyhwespect to mWS. But unlike mica, as the
loading levels of these minerals are increased fidmto 20 wt%, slight increase in tensile
strength can be noticed. Wollastonite/mWS hybriderg at 20/10 ratio exhibits higher strength
than pure mWS. Overall the tensile strength of ldybomposites is lower than the pure mWS
and pure mineral hPP composites. There is no syr@ygerved with hybridization. The tensile
strength for both fWS and mWS mineral hybrids weveer than the pure homopolymer.

103
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Figure 6.8Tensile Strength of (a) Mineral/fWS (b) Mineral/mW®P Composites

Impact copolymer PP fWS-mineral hybrid compositis® #llow the same trend as that of hPP
mWS-mineral hybrids. The tensile strength decreapes hybridizing, compared to the strength
of 30wt% fWS and wollastonite icPP composites (Fég6.8(a)). At 10/20 and 15/15 wt%
loadings, hybrids exhibit the same tensile strengtiependent of filler type whereas at 20/10
ratio of fWS/mineral icPP composite, the strengttréases with varying mineral type (tale
mica— wollastonite). The tensile strength of talc/fWSlanica/fWS at all hybrid loadings are
similar to the effect of the minerals at 30wt% widual loading, but wollastonite/fWS hybrid

showed poor property. However, the hybrid compedii@d higher strength than pure icPP.
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It is interesting to note that the behaviour of lastonite with medium WS is same irrespective
of the change in hybrid percentages but signiflgatdwer than pure wollastonite icPP

composite. The tensile strength of talc and midaowever fluctuating. At 10/20 wt%, strength

of talc/mWS and mica/mWS is lower than pure mWS dftectively same as that of pure talc
and mica composites at 30wt%. At 15/15 wt%, micanpYovides higher strength compared to
pure mica composite. At 20/10 wt% composition, téresile strength of hybrids increases in the
order of talc/mWS, mica/mWS, wollastonite/mWS. Afle hybrid composites had strength

higher than the pure resin.
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The tensile strength for bPP hybrid compositeshasvn in Figure 6.9(a), is lower than the pure
fWS and pure mineral filled bPP composite. Thesenb property enhancement with

hybridization. Among hybrid composites, the temstrength increases with increasing mineral
content in the hybrid composition. Mica/mWS showwést tensile strength at all percentage

loadings. The overall strength of polypropylenenblés higher than those of hybrid composites.

The results obtained for hybridization with mWS aray different from the fWS hybridized
composites. The tensile strength of bPP is sigmtiy improved with the incorporation of
hybrid fillers. A significant amount of synergy abserved between minerals and mWS with
respect to the tensile strength of 30wt% mWS bPRposite. When considering the tensile
strength of mineral filled composite, hybrids hdee strength like in all the cases observed
before. Here too, the replacement of a fractioB@#&t% mWS with 10, 15 or 20 wt% mineral
filler positively influences the property of hybriobPP composite. But the tensile strength of

hybrids is much lower than pure blend.
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6.1.4 TENSILE MODULUS
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Figure 6.10rensile Modulus of (a) Mineral/fWS (b) Mineral/mW®P Composites

Talc-fWS and mica-fWS hybrid composites have tensilodulus very similar to that of pure
fWS and pure talc or mica composites. WollastofW#& hybrid combination increases the
modulus of the composite by 14% at 10/20 wt% logsliThe increase at higher percentages of
wollastonite is minimal. The incorporation of lowodulus fine WS from 10 to 20 wt% (Figure
6.10(a) right to left) only decreases the modudfisnvollastonite/fWS hybrid composite in
comparison with the modulus of pure wollastonitd®hddmposite. Therefore there is synergy
observed in case of wollastonite/fWS hybrids but with any other combinations. In general,

the tensile modulus of hybrid composites is highan pure matrix hPP.
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The replacement of fWS with mWS in the hybrid casifes did not give any significant results
either. The behaviour of mica/mWS is more promirent0/20 and 15/15 concentrations with
respect to pure mWS and pure talc or mica compmsiteereas wollastonite /mWS showed their
effect at 20/10 wt% loading. However this increasenodulus is not higher than pure 30 wt%

wollastonite hPP composite but it is definitelygar than the modulus of pure homopolymer.
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Figure 6.11Tensile Modulus of (a) Mineral/fWS (b) Mineral/mWS?P Composites

The modulus of elasticity of impact copolymer PPinsreased with hybridization. When
comparing the results obtained for icPP hybrid cosites with the modulus at 30 wt% pure

fWS and mineral composites, it is found that tensilodulus increases at 10/20 wt% and then
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decreases further at 15/15 and 20/10 wt% loadirgs mica/fWS alone, the tensile modulus is
high at 15/15 wt% loading ratios. The overall pmop@f the hybrids is certainly higher than the
modulus of fWS but lower than the modulus of mih@@mposites. Therefore the addition of
fWS to minerals seems advantageous to fWS compgadsiteaddition of mineral to fWS seems

detrimental to mineral composites.

Same trend is observed for mineral/mWS hybrid icBRposites as well. All the hybrids at all
the loading ratios have higher modulus than purdiune WS. Mica/mWS have slightly higher
Young’s modulus than pure mica icPP composite wdgerdtie modulus of talc/mWS and
wollastonite/mWS combinations is not affected multhis also observed that hybridization

significantly improved the tensile modulus of poogolymer.
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Tensile modulus of polypropylene blend increaseith Wie addition of 30wt% individual fillers.
Further increase in modulus is not achieved by idation at varying filler contents. However,
mica/fWS combination at 20/10 wt% did show a sligiarease in modulus with respect to pure
fWS and pure mica bPP composite. A synergisticcefie produced in the case of combining
mica and fWS in polypropylene homo-co blend. ThHeeofiller combinations did not show any

successful results.

The results obtained for mWS hybridized mineral posites are interesting due to the fact that a
huge improvement in property is observed in congoarito pure mWS composite. The modulus
of hybrid composites significantly increased at 200/ 15/15 and 20/10 wt% loading
concentrations. With respect to mMWS-bPP compasiege is 26% increase in modulus of hybrid
composite at 10/20 wt% loading. At 15/15 wt%, mme®/'S shows a modulus increment of 37%
and at 20/10 wt% talc/mWS produces an enhancenief2%. An increase of 9% modulus for
mica/mWS hybrid and 15% modulus for talc/mWS hylati@0/10 wt% loading levels compared

to pure mica and talc composites are also reported.
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6.1.5 |IMPACT STRENGTH
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Figure 6.13mpact Strength of (a) Mineral/fWS (b) Mineral/mW8P Composites

Figure 6.13(a) and (b) represents the impact stnepgpperty of homopolymer PP composites
made of mineral filler/fWS and mineral filler/mW$/lrids respectively. It is observed that the
impact strength of hybrid composites is signifitgddwer than the pure homopolymer. With
respect to fine WS and medium WS, the composit@sdi achieve any property improvement
by hybridization. Behaviour of wollastonite/fWS dgsnsiderable at 20/10 wt% loadings, with a
6.3% increase in impact strength. When compariregy higbrid properties with the impact

strength of pure mineral homopolymer composités bserved that hybridization with fWS or
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mWS lowered the impact strength or in some casslatvcased similar behaviour. There was

no synergistic effect with any of the mineral/fWSnaineral/mWS homopolymer PP composites.

Impact Copolyvmer PP (a )
200 mTalc+fWS mMica+~fWS mWollastonite+fWS
160
120
~ 80
£
= 40
S
8 0
§ 0%+30% 10%+20% 15%+15% 20%+10% 30%+0%
z 200
z (b)
£ 160 m Tale+mWS mMica=mWS m'Wollastonite+mWS
g
120
80
b 0l el l
0

0%+30% 10%+20% 15%+15% 20%+10% 30%+0%

Mineral (wit%e) + WS (wit%)

Figure 6.14mpact Strength of (a) Mineral/fWS (b) Mineral/mVW®P Composites

There is a tremendous decrease in impact strengthtle incorporation of single fillers and
hybrid fillers in impact copolymer PP matrix. Thaepence of varying percentages of
talc/mica/wollastonite and fWS did not affect thegerty of the composite (figure 6.14(a)). It is
also interesting to note that hybridization did reduce the impact strength. At 20/10 loading of
wollastonite/fWS to the copolymer, the impact stytanshowed an increase of 18.5% compared
to pure fWS composite at 30wt%. Figure 6.14(b) shalae impact strength of mineral-mWS
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filled icPP composite. It can be observed that nhigture of mica and mWS decreased the
impact property when compared to the impact streo§tmWS at 30 wt% whereas talc/mWS
hybrid combination behaved similar to pure mWS amderal icPP composites. A significant
improvement of 24% is observed in case of wollaggemWS filled composite (against mWS
composite) at all varying filler ratios. The impeent with respect to pure wollastonite

composite is not very significant.
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Figure 6.19mpact Strength of (a) Mineral/fWS (b) Mineral/mVB8P Composites

Impact strength of homo-co blend PP significantwéred with the addition of hybrid fillers.
Figure 6.15(a) and (b) represents the impact stineoigoPP composite with varying percentages

of hybrid fillers. It can be observed from figur@) that all the hybrid combinations had lower
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impact strength than pure mineral based bPP comegosfompared to pure fWS composite at
30wt% loading, the increase in impact strengthnmoca or wollastonite fWS hybrids at 10/20

wt% loadings is not significantly high. WollastosWS variety at 15/15 and 20/10 wt%

loadings showed a 10.8% increase in impact strerigthm figure (b) it is clear that the bPP

hybrid composites containing mineral filler and nued WS also did not show any synergy
effect. The composites had lower impact strengém gpure mWS and mineral filled bPP (blend
PP). The strength of talc/mWS and mica/mWS decceasth increasing content of talc and

mica respectively in the bPP matrix. Wollastonit&/8 showed an increasing trend, and at
20/10 combination, the composite gained more sthetitan pure mMWS composite but not very
significant.
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6.1.6 SPECIFIC FLEXURAL MODULUS
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Figure 6.16 Specific Flexural Modulus of (a) Minéh&/'S (b) Mineral/mWS hPP Composites

Specific flexural modulus of homopolymer, copolymand blend polypropylene hybrid
composites was investigated and the results olataane presented in the Figure 6.16. It can be
observed that the specific property improved sigaiftly upon addition of single and multiple
fillers. At 10/20 wt% loadings, talc/fWS and woltasite/fWS showed an increment in specific
flexural modulus of hPP composite by 9.6% and 17té8pectively (Figure 6.16 (a)). At 15/15
and 20/10 wt% loadings the improvement shown by/ftAlS is not significant. At 20/10 wt%
loadings the property increased in the order a/f&lS, mica/fWS and wollastonite/fWS with
the latter showing an increment of 20%. The spedigéxural modulus of pure mineral hPP

composites is higher than the hybrids. Figure @presents the specific flexural modulus of
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mineral/mWS hPP composites. The multiple filler pasites did not show any synergy effect in
comparison with pure mWS or pure mineral hPP coibgokcorporation of talc and mWS at
varying filler percentages seem to be detrimerdahe property. A small increase in modulus
with respect to pure mWS is observed with wollagedmWS at 15/15 and 20/10 wt% loadings.

The combination of mica and mWS did not reducedpecific flexural modulus of mica hPP

composite.
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Figure 6.17Specific Flexural Modulus of (a) Mineral/fWS (b) Miral/mWS icPP Composites

The differences in specific flexural modulus vald@ssingle filler and hybrid filler composites
are lower with impact copolymer than that of homlgpwer. The specific property of icPP

hybrid composites is shown in Figure 6.17(a) and Al three combinations of fillers at three
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different percentage loadings decreased the spdi@iural modulus of the icPP fWS and icPP
mineral composites. There is no synergistic effgzserved with any of the multiple fillers.
Although hybrid fillers improved the specific flesal modulus of pure copolymer, it did not
have a positive effect on the composite. Same tienldserved with mineral/mWS combinations
as well (Figure 6.17(b)). Hybridization decreaskd property of single filler icPP composites
except for talc/mWS hybrids. It can be noted that $pecific modulus of talc/mWS increased
with decreasing loading of talc and increasing eontof mWS. At 10/20 wt% the hybrid
combination showed an increment of 15.3% comparguite talc icPP composite.
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Figure 6.18&8pecific Flexural Modulus of (a) Mineral/fWS (b) Miral/mWS bPP Composites
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The hybrid bPP composites and single filler bPP mamsites showed higher specific flexural
modulus than pure bPP itself. It can be observenh fFigure 6.18(a) that at 30 wt% loading,
fWS, talc, mica and wollastonite bPP compositeststdd a modulus value of 2.01, 1.51, 1.81
and 2.15 MPa.ffkg respectively. When comparing these result$héohybrid composites, it is
interesting to note that talc/fWS composites attlaée hybrid compositions and mica/fWs at
15/15 and 20/10 wt% loadings have higher spedéixural modulus than pure talc or mica bPP
(blend PP) composite but lower specific proper@gntipure fWS bPP composite. Mica/fWS at
15/15 wt%, showed a significantly high specific bt value of 2.26 MPa.itkg, which is
nearly 5.12% increase over pure wollastonite cortgoAt 20/10 wt% loading level mica/fWS
and wollastonite/fWS samples showed a similar bielay The specific flexural modulus of
pure talc and mica bPP composites increased withridigation with medium WS (Figure
6.18(b)). The property increased with increasingc@eatage of talc or mica in the hybrid
composition. It is an interesting observation thaB0 wt% total loading, both mWS and fWS
has a specific flexural modulus of 2.01 MP¥ky. Therefore, the hybrid composites of
mineral/mWS are compared to the same standardsrakiéhat of mineral/fWS bPP composites.
At all three percentage loadings of 10/20, 15/18 a6/10 wt%, the specific flexural modulus
increases in the order of talc/mWsS, mica/mWsS, vetdiaite/mWS. At 20/10 wt%
wollastonite/mWS showed a similar behaviour as leixal by pure wollastonite composite. The
hybrids except wollastonite/mWS at 20/10 wt% hagldospecific modulus than pure mWS bPP
composite.

6.1.7 SEM
The morphology of hybrid composites containing Xwaf mineral filler and 15 wt% of WS

fibers in homopolymer, copolymer and blend PP wagstigated. All formulations contained 2
wt% MAPP coupling agent. Figure 6.19 to 6.25 repnés the morphology of fWS-mineral
composites for hPP, icPP and bPP. Figures 6.2629 present the morphology of mWS-
mineral composites for hPP, icPP and bPP. Someeafesults are shown in Appendix B. Figure
6(a) shows the interaction of talc and fWS with lopwiymer at 1000X magnification. It can be
observed that there is a homogeneous distributidheofiller particles throughout the matrix. It

appears like talc has engrossed the fine WS fianelsthe fibres are barely visible. The analysis
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also show the orientation of flow for the composB&M analysis on mica-fWS-hPP composite
indicates that the interface interaction is notyvetrong because of which there is a gap
developed between the fillers and the matrix dunmgpact. In the earlier discussions on
morphology of fWS homopolymer composite it was obed that the filler and the matrix had
good interfacial bonding. In Figure 6.20, mica agpdo be detrimental to the hybrid composite
in maintaining the bonding. The same type of redun&eraction can be observed for mica-fWS-
icPP composite as well (Figure 6.22). However thp gbserved for the hybrid is significantly
smaller than the gap shown in Figure 5(b) for fWBR composite which indicate that the
interaction between the hybrid and icPP matrixmproved. SEM analysis of f\WS-talc icPP is
shown in Figure 6.21. It is interesting to obsetivat the copolymer undergoes a visco-elastic
deformation prior to fracture. The interface betwége polymer and the fibre seems to be intact
with less or negligible separation. SEM with 500Xagnification for wollastonite/fWS icPP
composite at 15/15 wt% loading is significantly dna view the presence or behaviour of
wollastonite (with a particle size of 8m) in the hybrid composite system. However it can
clearly noted in Figure 6.23 that there is a srgap between the matrix and fWS fibres which
indicate a reduced interaction between each offigures 6.24, 6.25 and 6.29 represent the
SEM images for talc/fWS, mica/fWS and talc/mWS kdeihposites. The analysis on all three
hybrid composites showed that the fracture occuagwss the particle or fibre (or along the
transverse axis of the fibre) without affecting ttmre-matrix interface. In Figure 6.25 the cross
section of fWS in mica/fWS bPP composite surface lba clearly identified and shows that
there is a strong bonding between the filler arrttatrix. SEM analysis on talc/mWS hPP and
icPP composites at 15/15 wt% loadings indicatemgtbonding between fillers and the matrix
(Figures 6.26 and 6.27). A uniform distributiontbé fillers, talc and mWS on the icPP matrix
can be clearly identified at 500X magnificationgtiie 6.27 shows that the addition of coupling
agent really improved the bonding between fibred i@ matrix. Another observation that can
be made is that the fibre appears to be uniforndgted with the mineral particles in the
composite system. A coated fibre can be seen pgpguin of the surface without being pulled

out during impact.
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Figure 6.266EM of15%talc-15%mWS-hPP Composite (500X)

123



Homogeneous distribution of tale-
and mWS.in icPP matrix

NAMOMECHAMNICS
JESEARCH IMBTITUTE )

Figure 6.28 SEM af5%mica-15%mWS-icPP Composite (500X)
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6.1.8 WATER ABSORPTION

Water absorption plots for hybrid composites contey minerals and bio-fibers in
homopolymer, copolymer and blend are represente&figares 6.30 to 6.35. The test was
conducted by keeping the total concentration of thers at 30 wt% while varying the content
of each filler at 10/20, 15/15 and 20/10 wt%. Theant of antioxidant and coupling agent were
kept constant. The evaluation of water absorpti@s Vimited to 35 weeks of exposure period

due to time limitation to complete this document.

All hybrid composites absorbed more water tharpiine resins as well as composites containing
pure minerals. This observation is expected siheenybrid composites contain biofibres which
are inherently hydrophilic in nature. It is alséeiresting to find that the rate of water absorption

increased with increasing amounts of wheat strave @nd medium) in all the composites.

Figure 6.30 represents the weight gain in homopelyimybrid composites made talc/fWs,
mica/fWS and wollastonite/fWS. The hPP with 10/20u0f talc/fWS gained a weight of 3.9%,

three times that of 20/10 wt% talc/fWS compositeeraB5 weeks of exposure in water. It is
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observed that the composites reached saturati@bait 31 weeks. The percentage gain in
weight is however significantly lower than pure fW#P composite at 30 wt% loading.

Composites containing 20/10 and 10/20 wt% of mi&falso saturated in 31 weeks with a
weight gain of 1.15% and 3.55% respectively atethé of 35 weeks. The hybrid composite with

20 wt% mica showed a water absorption value closéne value for pure mica hPP composite
at a content of 30 wt%. Wollastonite/fWS hPP conifeesdid not saturate even after exposure
for 35 weeks. It is interesting to note that th&#edence in weight gain for 20/10 and 15/15

loadings of wollastonite/fWS is smaller and thatl&/15 and 10/20 loadings is larger when
compared to the mica or talc fWS hPP compositesil&itrend is observed with talc/mWS hPP

composites as well (Figure 6.31). Here, the diffiees in weight gain between the three ratios
of fillers are consistently same and smaller. Tésults indicate that hybridization did have a
positive effect on water absorption property, daethe hybrid composites having relatively

lower weight gain than pure mWS composite. Mica/médgposites at 20/10 wt%, exhibited

lower weight gain than talc/mWS composites at thmes composition. With decreasing mica

content and increasing mWS content, the compogaésed more weight and at a higher rate
than talc/mWS hPP composites. There is no sigratfration for any of the combinations. The

water absorption behaviour of wollastonite/mWS cosifes is observed to be closely related to
that of talc/mWS composites. The composites gaih&do, 2.5% and 3.9% weight at 20/10,

15/15 and 10/20 wt% loadings of wollastonite/mW§petively.

The differences in the percentage increase in weigh copolymer hybrid composites are
smaller than the homopolymer hybrids (Figure 6.32ke the homopolymer, the copolymer
talc/fWS composites appear to have reached sainorati 31 weeks. The composite with 20/10
talc/fWS gained a weight of 1.4% with a gradualr@ase at higher loadings of fWS. Hybrid
combination of talc and fWS at 10/20 wt% showedranease in weight of 3.2% which is more
than 150% lower than the weight gain exhibited byep30 wt% fWS copolymer composite.
Mica and wollastonite mWS composites also displasiadilar water absorption characteristics
at varying percentages of the fillers. The mindkIS impact copolymer did not show any
significant variation in the property with varyimgineral type. Figure 6.33 shows that talc/mWS
icPP composite at 20/10 wt% gained a weight of 1.@%&e times lower than that of 10/20 wt%
combination fillers, with small difference in weiggain between 20/10 and 10/20 wt% loadings.
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In case of mica/mWS composites, the differenceuitedarger. Wollastonite mWS composites

also did not show any indication of saturation raftemersing them in water for 35 weeks.

Like homopolymer and copolymer, blend also reactadration in 31 weeks for the same filler
combination of talc and fWS. Talc/fWS PP blend @20 wt% showed a higher increase in
weight of 4.4% in 35 weeks, compared to hPP an@ ic¥brids. Also, the difference in weight
gain for hybrid composites and pure fWS or mWS bBRposites are significantly larger. It can
be observed that wollastonite/fWS bPP composit®&0 wt% loading has a weight gain of 6%
higher than all the other filler combinations. Tehaviour of talc/mWS bPP composites appear
to be similar to that of wollastonite/fWS hPP comipes with percentage weight gain of 1.7, 2.4
and 4.5% for 20/10, 15/15 and 10/20 wt% loadingpeetively. The differences in weight gain
for wollastonite/mWS bPP composites at varying eetages are smaller than that for
mica/mWS bPP hybrid variety (Figure 6.35).

127



Increase in Weight (%)

8.00

6.00

4.00

2.00

0.00

5.00

5.00

6.00

4.00

2.00

0.00

=
L4

Homopolymer PP

20 25 30
Time (Weels)

35

——10%ptalc+20% WS
—b— 1 5%ptalc+15% WS
——20%ptalc+10% WS
—#—30%ptalc

——30% WS
—i—-Pure hPP

—— 1 0%emica+20% WS
—— 1 5% mica+15% WS
—— 2% emicas+ 109 WS
—#—30%mica
—8—30% WS
——Fure hPP

20 25
Time {(Weels)

30 35

200 25
Time (Weels)

30 35

40

—— 10%wnite+20% WS
—i— 15%wnite+]1 5% IWS
—— 20%wnite+1 0% WS
—— 3% owmnite

—8—30% WS

—i-Pure h PP

Figure 6.30Water Absorption Plots for Mineral/fWS hPP Compes

128




Increase in Weight (%)

10.00

5.00

6.00

4.00

2.00

0.00

10.00

8.00

6.00

4.00

2.00

0.00

10.00

8.00

6.00

4.00

2.00

0.00

L4

Homopolymer PP

10 1 20 25 30 33
Time (Weels)

0 15 20 25 30 35 40

Time (Weels)

—

. &
o 15 20 23 30 35 40

Time (Weeks)

——10%talc+-20%em WS
= 15%talc+15%mWs
——20%talc+10%em WS
—#—30%talc
—8—30%mWS

——Pure hPP

== 10%omica+20%mWSs
—— 1 5% mica=13%mWSs
——= 20" amica=10%mWSs
== 30%umica
—0—30%%mWS

——-Pure hPP

—— 10%wnite+20%%mWS
—b— 1 5% wnite+1 5% mWS
—= 20%wnite+10%mWS
—#—30%wnite

== 30%mWs

—i- Pure hPP

Figure 6.3Water Absorption Plots for MinermWS hPP Composit

129




Inerease in Weight (%)

10.00

8.00

6.00

4.00

2.00

0.00

10.00

z

6.00

4.00

2.00

0.00

10,00

8.c0

6.00

4.00

2.00

0.0

Impact Copolymer PP

5 10 15 20 25

Laa
L4 '|.

30
Time (Weels)

3 12 13 20 25 30 340
Time [Weeks)
1Is 20 25 30 33 40

Time (Weelks)

—— 10%talc=20% WS
—— 15%talc+13% WS
——=20%talc+10% WS
—#—30%stalc

—0—30% WS
——Pure icPP

43

—— 1 (%omica+20% WS
= | S%omica+15%fWa
—=20%omica+10% WS
—4— I0%mica
—8— 0% WS
—-Pure 1cPP

—— 10%owmnite+2 0% WS
—d— 15%wnite+13% WS
—=—=20%owmnite+10% WS
—#= 3% ownite

—8— 300 WS

—-Pure icPP

130

Figure 6.32Vater Absorption Plots for Mineral/fWicPP Composite




10 0

8.00

6.00

4.00

2.00

000

S B =
2 2 28 28 8

Increasein Weight (%)

=
g

Impact Copolymer PP

—— 10%talz+20%mWS
—d— 1 5%0tals+15%0m WS
—=—=20%talz+10%mWS
——30%talz

== 30%mWS

——Pure icPP

] 3 10 15 20 25 30 35 40
Time (Weeks)

—— 1 0%omica+20%mW3s
—k—15%emica+1 5% mW5S
—==—=20%pmica+10%mWS3
—#—30%mica
——30%emWE

——Pure icPP

10 15 20 25 30 35 40
Time (Weeks)

=
A

—— 10%pwnite+20%mWS
—i— 153%wnite+153%mWS
=== 20%pwnite+10%%m WS
== 30%pwnite
——30%mWS

—- Pure icPP

] 3 10 15 20 25 30
Time (Weeks)

mi :

Figure 6.33Water Absorption Plots for MinermWS idPP Composite

131




5.00

6.00

s

o
=

N
=

©
=

10.00

8.00

5.00

1.00

2.00

0,00

10.00 -

Increase in Weight (o)
+= =
S 8

Homo-Co Blend PP

—— 10%stalc=20% WS
—&— 15%talc+15%EWS
== M0%stalc+1 0% WS
—#— 30%talc

——30% WS

—i Pure bFP

10 L5 20 25 30 35

(W)}

Time (Weels)

10 L5 20 25 30

L
L
(¥

Time (Weels)

==1(%omica+20%% WS
—b— 1 3%mica+13%fWS
——=20%mica+101%fWS
—#—=30%omica
—0—30% WS
—-Pure HbPT

—— 10%wmite+20% WS
=i 1 Y%wnite+1 3% WS
—=20%pwmite+ 1 0% WS
—4—30%pwnite

—8—30% WS

—&—Pure bPP

Time (Wezls)

Figure 6.34Nater Absorption Plots for Mineral/fWbPP Composite

132




10.00

2.00

6.00

4.00

2.00

0.00

L0.00

Increase in Weight (%]
° P & o 9w
g 8 8 & &

=

Homo-Co Blend PP

—— 10%talc+20%mWSs
—— 1 3%talc+153%mWs
——=20%talc+10%mWSs
== 30%otalc

—— 30%mW?S

—i-Turc b

Time (VWeels)

—— 1 Momica+20%mWS
—#— 1 5% mica+13%mWSs
—r—20%mica+1 0% W3S
—#—30%mica
——30%mWSs

——-Pure hPP

] 10 15 20 25 30 35
Time (Weeks)

—— 1 1% mamite+ 2 0%amWS
—— 1 53%wnite+153%mWSs
=== 20%wnite+10%mWS
== 30%wnite
—8—30%mWS

=i Fure bFFP

Time (Weeks)

Figure 6.35Vater Absorption Plots for MinermWS id®P Composite

133




7 CONCLUSIONS AND RECOMMENDATIONS

The mechanical properties and water absorptionacheristics of polypropylene composites
based on three different PP matrices and five tgbpdtiers at varying filler concentrations were

investigated. To the best of the author’'s knowledgs is the first time that such comprehensive
systematic evaluation was carried out. It allows benchmarking the performance of wheat
straw with three widely used mineral fillers (tafojca and wollastonite) using three grades of

polypropylene (homopolymer, high impact copolynard a blend).

The composite formulations were compounded usingp-gotating twin screw extruder and
specimens were prepared using an injection mold.t&sts revealed that there was a significant
effect of filler type and filler content on the jperties of homopolymer, copolymer and PP blend
composites. The effect of varying loadings of npiéifillers (while keeping the total filler

content constant at 30 wt%) on PP matrices wasiasstigated.

Wollastonite filled PP composites, irrespectivetiod matrix type, consistently showed higher
improvement in flexural strength, flexural modulugnsile strength and specific flexural
modulus at 20, 30 and 40 wt% of loadings. The caitp@lso exhibited enhancement in tensile
modulus of homopolymer at 30 wt%. It can be conetuthat the incorporation of talc improved
the tensile modulus of homopolymer at 20 wt% logdand that of impact copolymer PP
composite at all three loading levels. The blefichamopolymer and copolymer PP (bPP)
showed positive effect on Young’'s modulus with #dition of fillers but did not show any
dependence on the filler type. There was a sigmticrop in impact strength of the composites.
However an interesting observation was made whenptioperty increased with increasing
percentage of wollastonite in homopolymer and awt¥ the impact strength of the composite
was almost same as that of pure homopolymer. Thtuglmechanical properties of mica, fWS
and mWS composites were enhanced, they did not <nopv promising results at higher

concentrations.

The incorporation of wollastonite/fWS and wollastermWS at 20/10 wt% loadings into the
homopolymer matrix provided the highest enhancenreffiexural strength, flexural modulus,

tensile strength, tensile modulus, impact streragith specific flexural modulus of fWS-hPP and
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mWS-hPP composites. The tensile modulus of mica/filWB at 20/10 wt% and mica/mWS-hPP

at 15/15 wt% was also greater than that of purearhieP composite at 30 wt%. The same
applies to the Young's modulus of talc/mWS at 20M® with respect to pure talc composite.

The summary of formulations providing the best by achievements are summarized in Table
7.1.

The combination of talc and mWS showed highesuflakproperties (flexural strength, modulus
and specific property) for the talc filled copolynfeP at 10/20 wt% composition. The flexural

strength of talc/fWS at 10/20 wt% is higher tharreptialc composite whereas the tensile
modulus of wollastonite/fWS is higher than 30 wt%lhastonite icPP composite. The 20/10
wt% combination of wollastonite/fWS enhanced thex@iral modulus and impact strength of
fWS-copolymer PP composite. Similar behaviour isestsed with wollastonite/mWS hybrid at

that same loadings as well with an exception thathtybrid composite also showed synergy to
the impact strength of pure wollastonite icPP cositpo The same composition also resulted in
higher tensile modulus for wollastonite/mWS compate pure wollastonite and mica/mWS

compared to pure mica and mWS icPP composites5Ai5Iwt% loading, talc/fWS showed an

increment in flexural modulus and specific flexurabdulus of talc-icPP composite whereas
talc/mWS showed synergy effects in impact strepgtiperty. At the same loading concentration
with copolymer, mica/mWS enhanced the tensile gtrerof mica icPP composite whereas
mica/fWS showed synergy with the tensile modulubath pure mica and pure fWS composites

a 30 wt% loading.

The PP blend composites again showed higher flestnength, modulus and specific modulus
at 15/15 wt% loading of mica/fWS compared to pureanand pure fWS composites. Talc/mWS
improved specific flexural modulus of talc compesithereas mica/mWS improved the tensile
modulus of mica bPP composite. Like in homopolyntlee, wollastonite/mWS hybrid at 20/10
wt% loading showed increment in flexural modulusl apecific flexural modulus against pure
mWS composite. At the same loading percentagegnt®#S showed higher flexural modulus
than pure talc bPP composite and higher tensileufnsdthan its single filler counterparts.
Mica/fWS, wollastonite/fWS and talc/fWS improvedetiensile modulus, impact strength and

specific flexural modulus respectively. All the ettiformulations did not show synergy effect on
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the properties. The hybrid formulations containia@/20 wt% loadings of mineral/WS

combinations were seen to be least beneficial éin bomopolymer and blend PP.

The resistance to water absorption decreased witleasing percentage of fillers. Single filler
composites based on fine WS and medium WS absdhigeghaximum amount of water in a 35
weeks exposure period owing to their inherent hgtilcc nature. Among mineral composites,
mica showed the least resistance to moisture, avithlue significantly higher than pure resins.
An interesting observation is that both talc andlasbonite based icPP and bPP composites
showed a water absorption trend similar to thatwk copolymer and pure blend PP. In hybrid
composites, the resistance to water absorptionedeed with increasing WS (fine or medium)
content in the matrix. It was observed that théed#ince in increase in weight gain with varying
filler content was lower for copolymer PP. With highzation, the water absorption tendency of

WS composites could be greatly reduced.

SEM analysis on fWS and mWS single filler compasitevealed that the interfacial interaction
of the filler and the matrix did have a significanfiuence on the mechanical performance of the
composites. The morphological study showed poodimgnof fillers with the copolymer matrix

which can be related to the poor mechanical belawabserved for icPP composites.

Table 7.1 Summary of Formulation-Property Relations

Filler Homopolymer PP Impact Homo-Co Blend Properties
Combinations Copolymer PP PP
Mineral/fWS | -Wnite/fWS at -Talc/fWS at -Mica/fWs at
20/10 wt% 10/20 wt% 15/15 wt%

(compared to pure| (compared to pure (compared to pure
fWS composite) | talc composite) | fWS and mica
composite)
Flexural
Strength
Mineral/mWsS | -Wnite/mWS at -Talc/mWS at
20/10 wt% 10/20 wt%
(compared to pure| (compared to pure
mWS composite) | talc composite)
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Mineral/fWS | -Wnite/fWS at -Whnite/fWS at -Mica/fWs at
20/10 wt% 20/10 wt% 15/15 wt%
(compared to pure| (compared to pure (compared to pure
fWS composite) | fWS composite), | fWS and mica
-Talc/fWS at composite)
15/15 wt%
(compared to pure Flexural
talc composite) Modulus
Mineral/mWs | -Wnite/mWS at -Wnite/mWS at | -Wnite/mWS at
20/10 wt% 20/10 wt% 20/10 wt%
(compared to pure| (compared to pure (compared to pure
mWS composite) | mMWS composite),| mMWS composite),
-Talc/mWS at -Talc/mWS at
10/20 wt% 20/10 wt%
(compared to pure (compared to pure
talc composite) | talc composite)
Mineral/fWS -Wnite/fWS at
20/10 wt%
(compared to pure
fWS composite) Tensile
Strength
Mineral/mWs | -Wnite/mWS at -Mica/mWS at
20/10 wt% 15/15 wt%
(compared to pure| (compared to pure
mWS composite) | mica composite)
Mineral/fWS | -Wnite/fWS at -Mica/fWs at -Mica/fWs at
20/10 wt% 15/15 wt% 20/10 wt%
(compared to pure| (compared to pure (compared to pure
fWS composite), | fWS and mica fWS and mica
-Mica/fWs at composite), composite)
20/10 (compared | -Wnite/fWS at
to pure Mica 10/20 wt%
composite) (compared to pure
wnite composite)
Tensile
Mineral/mWs | -Wnite/mWS at -Mica/mWS at -Talc/mWS at Modulus
20/10 wt% 20/10 wt% 20/10 wt%
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(compared to pure
mWS composite),
-Talc/mWS at
20/10 wt%
(compared to pure
talc composite),
-Mica/mWS at
15/15 wt%
(compared to pure
mica composite)

(compared to pure
mWS and mica
composite),

- Wnite/mWS at
20/10 wt%
(compared to pure
wnite composite)

(compared to pure
mWS and talc
composite),
-Mica/mWS at
15/15 wt%
(compared to pure
mica composite)

Mineral/fWS | -Wnite/fWS at -Wnite/fWS at -Whnite/fWS at
20/10 wt% 20/10 wt% 20/10 wt%
(compared to pure| (compared to pure
fWS composite) | fWS composite), Impact
Strength
(decreased
Mineral/mWs -Talc/mWS at with the
15/15 wt% addition of
(compared to pure fillers or
talc composite), multiple
- Wnite/mWS at fillers)
20/10 wt%
(compared to pure
mWS and wnite
composite)
Mineral/fWS -Wnite/fWS at -Talc/fWS at -Mica/fWs at
20/10 wt% 15/15 wt% 15/15 wt%
(compared to pure| (compared to pure (compared to pure
fWS composite) | talc composite) | fWS and mica
composite),
-Talc/fWS at
20/10 wt%
(compared to pure|  gpecific
talc composite) Flexural
Mineral/mWs | -Wnite/mWS at -Talc/mWS at -Talc/mWS at Modulus
20/10 wt% 10/20 (compared | 15/15 wt%
(compared to pure| to pure talc (compared to pure
mWS composite) | composite) talc composite),

-Whnite/mWS at
20/10 wt%
(compared to pure
mWS composite)
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The results obtained in this study provide suggastfor future work inorder to further analyze

the properties of polypropylene composites. Sontaerh are:

1. Developing mechanical models to better understaddcarrelate each composite

property and fitting those models with relatedritere datas.
2. Studying the effect of filler particle size on P&mposites.

3. Varying the type and amount of coupling agent em¢bmposite formulations to study its

effect on mechanical properties and water absarptio
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To: ‘amohansh@uwaterloo.ca' <amohansh@uwaterloo.ca>

Subject: AW: Request for permission to use figures from {20K6)

Dear Mr. Sharma,

thank you for your request. Please let me knowghvfigures do you like to use . We must check ifhage the
rights.

Best,
Gabriele
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Von: amohansh@uwaterloo.@aailto:amohansh@uwaterloojca
Gesendet: Montag, 14. Mai 2012 18:34

An: Info

Betreff: Request for permission to use figures fitmmok(2006)

Hello,

| am a Master's Student from the university of Wlate Ontario, Canada.

| am currently working on my master's thesis reldatemy work on Polymer Composites and would lixeise
figures on stereoregularity and impact modifiedypabpylene from the book titled "Polymer

Chemistry: Properties and Applications" by AndregaPock and Allison Calhoun, 2006.

Please could you let me know whom to contact is tagard?

Regards

Arathi Sharma

MASc Candidate
University of Waterloo
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APPENDIX

Appendix A: DSC plots for the pure resins — homopolymer PPolyoper PP and homo-
copolymer blend PP.

Sample: PP-1 DSC File: C:..\MASc research\DSC\Arathi\PP-1.001
Size: 5.2500 mg Operator: Ravindra
Run Date: 17-Mar-2011 19:02
Comment: PP-1 Instrument: DSC Q2000 V24.4 Build 116
111.08°C
24 11586°C
95.21Jig

3
z
=
2
= O]
]
@
I
156.65°C
158.4J/g
152.22°C
-1 108.0Jig
150 54°c 16743°C
24
T T T T
50 100 150 200 250
ExoUp Temperature (°C) Universal V4.5A TA Instruments|

Figure A.1DSC Plot for Homopolymer PP without Antioxidant
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Sample: PP-1+AD DSC File: C:.. \DSC\Arathi\PP-1+A0.001

Size: 54900 mg Operator: Ravindra
Run Date: 17-Mar-2011 22:30
Comment: PP-1+A0 Instrument: DSC Q2000 V24 4 Build 116
3
E 113.66°C
2 -
M7.75°C
b 92.98Jig
g "
% ]
H J
2
w 4
kS
T 0q
1 149.46°C
i 105.8Jig
154.63°C
-14 106.5Jig
| 167.28°C
] 162.05°C
-2 - : : I : : : I : - : I : : - I : : :
50 100 150 200 250
Exo Up Temperalure (DC} Universal V4.54 TA Instruments

Figure A.2 DSC Plot for Homopolymer PP with Antidant

Sample: PP-2 DSC File: C:.. \MASc research\DSC\Arathi\PP-2.001
Size: 5.3600 mg Operator: Ravindra
Run Date: 17-Mar-2011 20:11
Comment: PP-2 Instrument: DSC Q2000 V24.4 Build 116
3
1 133.48°C
2 -
] 136.14°C
75.19ig
& M
E J
= J
(=]
E 4
kS
E
1 15330°C
i 91.54Jig
147.71°C
-1 98 62Jig
J 166.90°
165.85°C
2 — . . — ———— — —
0 50 100 150 200 250
Exo Up Temperature (DC} Universal V4 54 TA Instruments

Figure A.3DSC Plot for Impact Copolymer PP without Antioxidan
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Sample: PP-2+A0 DSC File: C:.. \DSC\Arathi\PP-2+A0.001
Size: 6.3600 mg Operator: Ravindra
Run Date: 17-Mar-2011 23:39
Comment: PP-2+A0 Instrument: DSC Q2000 V24 .4 Build 116
3
133.23°C
2
5 '
=
H
=]
e
5
T 0
156.98°C
89.84Jig
148.48°C
14 93.87Jig
166.80°C
166.92°C
’2 T T T T
50 100 150 200 250
Exo Up Temperalure (DC) Universal V4.54 TA Instruments|
Figure A.4DSC Plot for Impact Copolymer PP with Antioxidant
Sample: PPblend wio antioxidant DSC File: C:.. \DSC\Arathi\PP-blend.001
Size: 6.6400 mg Operator: Arathi
Method: ARATHI DSC Run Date: 04-Aug-2011 16:43
Instrument: DSC Q2000 V24.4 Build 116
10
54
119.66°C
122.69°C
95.36Jig
E)
=
£ 0 .
e
]
]
I
157.37°C
78.96Jig
5]
N IO T T T T T T T
40 60 80 100 120 140 160 180 200
Exo Up Temperalure ("C} Universal V4.54 TA Instruments

Figure A.5DSC Plot for Homopolymer-Copolymer Blend PP withdutioxidant
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Sample: PP-blend+AQ DsC File: C:. \DSC\Arathi\PP-blend+A0 001
Size: 6.1500 mg Operator: Ravindra
Run Date: 17-Mar-2011 21:21

Comment: PP-blend+AQ Instrument: DSC Q2000 V24.4 Build 116

3

120.13°C

24
g
=3
=
(=]
i
3
T 0

153.12°C
102.2Jia
-1 158.18°C
102.8Jig 166.53°C
163.00°C
2 T T T T T T T T T T T T T T T T T T T
0 50 100 150 200 250

Exa Up Temperature (°C) Universal V4.54 TA Instruments

Figure A.6DSC Plot for Homopolymer-Copolymer Blend PP withtidridant
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Appendix B:
SEM

100pm

NANMOMECHAMICS

HESEARCH [NETITUTE

i
10 pm

NAMOMECHAMICE

RESEARCH IMSTITUTE (g

Figure A.8SEM of 15%wollastonite-15%fWS-hPP Composite (500X)
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MECHAMICES
“RCH IMETITUTE

10 pm

MNAMOMECHAMICE
HESEARCH IMSTITUTE

Figure A.10SEM of15%mica-15%mWS-hPP Composite (500X)
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10 pm

Figure A.11SEM of 15%mica-15%mWS-bPP Composite (500X)
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Appendix C: Material Data Sheets

D180M

Homopolymer
Polypropylene

Thamiinals

® Low Gas Fade

& Suggested Uses Include BCF Multi-Filiments, High Tenacity Continuous Filament %am, Fine Denier
Staple Fibers

Property Units Typical Value Test Method

Mominal Melt Flow Rate (230°C/2_ 16kg) g/10 min 1B ASTM D1238

Tensile Strength at Yield psi 5,100 ASTM DE35
(2 infrmizn, 50 mmémin) MPa g

Elongation at Yield % 9 ASTM D638
{2 infmin, 50 mmmin)

Flexural Modulus psi 190,000 ASTM DTS0A
{008 in'min, 1.3 mmimin, 1% secant) MPa 1,310

Notched lzod Impact Strength at 23°C fi-lbsdin 0.5 ASTM D256A

Jim 27
Rockwell Hardness R 104 ASTM DTES
Tenacity of Fibers gidenier 29 ASTM D2256

3.3 draw rabio, 1,250 mémin rol spesd,
225°C spen temperature, CHO000/38)

Elongation of Fibers % 93 ASTM D2256
(3.3 draw rabio, 1,250 mimin roll spead,
225°C spin temperaturs, D1000/88)

Suggested Takeup Roll Speed f'min 6,561 Sunoco Chemicals
m/min 2,000

Information contzned herein is considered accurate 1o our best knowledge. It is offered for your consideration and investigation, and is not to be
construed 35 3 representation or wamanty, expressad or implied. fior which Sunoco Chemicals assumes izgal responsibity. Our warranties are
Emited to those expressly stated in formal contracts or in conditions of safe on our mwoices and onder acceptances. Conditions and methods of use
vary and are beyond the controd of Sunoco Chemicals. Suncco Chemicals, therefore, dsclaims any liability incurmed as a result of the use of its
products in accondance with the data contained herein. No information heresn shall be constreed as an offer of indemnsty for infringement oras a
recommendation to use these prmducts in such a manner as to infinge any patent, domestic or foreign.

Material Data Sheet for Homopolymer PP
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TI6200N

High Impact Copolymer
Polypropylene

Chemicals

« High Impact Copolymer, Superior Stifiness / Impact Balance, Antistatic

* Suggested Uses Include Compounding, Injection Molding, Automotive Apglications, Consumer Products,

Industrial
Property Units Typical Value Test Method
MNominal Melt Flow Rate (230°C/2.16kg) g/10 min 18 ASTM D1238
Tensile Strength at Yield psi 2,600 ASTM D538
(2 infmin, 50 mnvming MPa 20
Flexural Medulus psi 170,000 ASTM D790A
(0.00 invmin, 1.3 mmimin, 1% secant) MPa 1,172
MNotched Izod Impact Strength at 23°C No Break ASIM DZoBA

Infommation contained herein is conside cd aceurate 1o our best knowledge Itis ofcred foryour corsideration and investigation, and is not to be
construed as a reprasertation or warranty, expressed or implizd, for which Sunoco Chemicals assumes legal raspensibility. Our warranties are
limit=d to those expressly stated in formal coniracts or in conditions of sale on our invcices and order acceptances. Condifions and methods of use
vary and are beyond the Comrol of Sunoco Chemicals. Sunocd Chernicals, theretore, dIsclaims any bty Incumed a5 a resul i the use ol its
procucts in accordance with the data centained heein. No information herein shal be construed as an offer of indemnity for infringement or as a
reccmmendaticn to use thase products in such 2 manner as to infringe any patent, domestic or fereign.

For cautions and other information relating to handing ol 550 lechnology Dnve Rewvision Late: Monday,
March 23, 2009

and exposure to this product, please see material safoty Piflsburgh, PA 15218

data sheet code numbar C4004 publizhed by Sunoco Chemicals. 1-800-223-88T1 www sunocochemicals com

Material Data Sheet for Impact Copolymer
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DuPont Fusahond® MD353D Random Copolymer Polypropylene

Categories: Other Engineering Material; Additive/Filler for Polymer, Polymer, Thermoplastic; Polypropylene

Material Notes:  Typical Use:

« Coupling agent

& Long glass filled polypropylene

« Coupling agent for nonhalogen, flame retarded wire and cable compounds containing magnesium hydroxide
« Adhesion promoter

« Matural fiber wood-plastic compounds

Availability: Morth America

Infarmation provided by DuPont.

Vendors: Mo vendors are listed for this material. Please click here if you are a supplier and would like information on how to add your listing to this material.
Physical Properties Original Value Comments
Melt Flow 450 g0 min

Thermal Properties Original Value Comments
Melting Point 136°C

Descriptive Properties

WMAH Graft Level, wi% Very High FTIR (DuPont)

Some of the values displayed sbove may have been convarted from their originel units andior rounded in order to display the information in a consistent format. Users requiring more precise data for scientific or
enginesring calculstions can click on the property valus to s2e the original velus 25 well a3 raw conversions to equivalent units. We advise that you only use the original value or one of its raw conversions in
your calculstions to minimize reunding emer. We also ask that you refer to MatWeb's terms of use regarding this information. Click hers to go bedt to viswing the propary data in MatWeb's normal format.

Material Data Sheet for Fusabond MD 353D Maleic ydride Grafted PP Coupling Agent
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Clza Soscisty Chamicam

Fripner AddSws

"IRGANOX 1010

Phenolic Primary Antioxidant for Processing and Long-Term Thermal
Stabilization

Charactsrization  "IRGANCK 1010 - 3 stesteafy hindered phenolic antoxdant - 15 3 highly effective, non
discoboring stabiizer for onganic subsirates such as plastics, synihelc fibars, elasiomears,
adhesves, wakes, oiis and fats It prolects hese substates against thermo-oxidative
degradation.

Chemical Mame  Penmenyanio Tetrmkls) 33 5-dHert-buty-4-yirmy phanylprogionais)

GAS Humber BE683-19-3

Structurs FRGANGK 1010

-%ﬂcxﬁ—ﬁ—n—%
&
Molecular welgnt 1973
applications TIRGANGK 1010 can be appied N PUyDenns, SUCh 35 poyemTiene, POypropyiene,

ybut=ne and clefin copolymers such as shylens-dnylacetate rmhhn-ﬁuae
gummm:m In oiher poiymers such s p-:.lyauehiy polyamides and polyursthanes,
poly=siers, PVE, shyTens Nomo- and copoiymers, ABS, eEEi0mens Such as Dulyl rubsr
(IR}, 585, SEES, EPM and EPDM as well 2 other synhellc uobers, adnesives, natmal
and synthelc tackifler rasing, and ofer organic suDsTatEs.

Faatlren; Deneilta SIRGANCH 1010 hak oo Compatilty, o resiance 1 exyscion and oW voallly. 15

OO0d EES and [IEisiass.

The product can be used In combination wih other addifwes such 35 costabElzers (e.q
fipethers, phosphites, phosphoneies), light stabiltzers and other functional stabiltzers. The
SMectVEnEss O Ihe DiEnds of “RGANCR 1010 wih “IRGAFDS 168 [SIRGANCH 5-biends)
oraith SRGAFOS 158 and HP-135 (MIRGANCX HP prosucts) 15 particularty nob=sarthy.

Product Forma

Distributed by
Wi

Coda: ApDEAANCE

poveder white, free-flowing powdes
FF (C] white, fr2e-fowing granui=s
be's] wehite o sighity green peliets

Draat Firmts Exitinn
Peinng Date S8

Proiend Pairr | IRGANDE 3073 page 1
SR & pocialy Chemssh, e
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Guidelines for Uss  Mr=ady S00 opm - 1000 ppm o TIRGAMOR, 1010 prowds Iong-Ienm DenTa Sabiny o he
polymer. Concanirations up to several parcent may be used depanding on the sunstrais
and the requirements of the end application.

In poiyoisfing the concentration levels for SIRGANOX 1010 range between 1.05% and 0.8%
dependng on subsirate, processng condRons and  ongHenm fhermal  stahbilty
Tequiraments. The optimum Ievel has tobe delermined pplicatan speic

Concantration ievess of YRGANOX 1010 in hot met adhesives range from 0.2% 10 1%, In
syrmedc aokiter resins, RGANDNK 1010 concentrazon ranges botwean §.1% and 0.5%
Extanslys gata of “IRGAMOX 1010 In Vamous organic polymers and

appiications ane vaizble upon reguest
Physkzal Propsriies
Metting Rangs ("Cj 110-125
A nt (*C} 207
Gty (20C) 145 gic®

Suik gengity powder 530 - £30 gt
FF (). 230 - 570 o4
DO 450 - 530 g4

Solubiiy (20°C) giilg sohson

Aainne a7

Chiceofiorm el

Ethanol 1.5

Einylacetzie A7

f=HERane 0.3

Methanol as

Mefmytene Chioride 83

Toiuene 1]

Water <01

Handiing & Safaty N accandance Wi good NOLUSal pracece, REnmE W Care and Prewen CONEminanon of
For mofe getaied Ironmmation plesee fetr 10 the materal safety data sheet.

Regiatration TIRGANG, 1010 I 15220 an e foI0Wing IMenionzs;
PUSTIET  AICD Canata: DSL China: FIFst Impan
Eumpe:  EINECS Japarc MM Korea: ECL
PhEpones: PICCS USA:  TECA

SIRGANC 1010 ks Spproved in marny colntries for use In fopd contact appilcations.
For detalled Information refer to our Postive List or contact your iocs 5aies office.

AAPORTANT: The iy auperstes Eupes docevans  SELLER MAKES K0 REF Tl TR R A ¥, EXPREZS {8
BAPLED, NCLUONG OF MERCHANTABILITY OR NTNEESS FOR A PARTICULAR PURPOSE e slaterinids Tevai i 113 bd Gt
an Frkoetantd o afdiege @y ey Saienl Lice? o Shoasaincer sfal Ssber Se dabie for iodeciel oonsscosetie’ o Frivesl
e B aleged fegipeon Do’ of winrey Sl Beddiy 9T oF sondiec] actiliy B conrecion il e ool a), | Supers noe
raady ahd Sallei aole Mabily b ey el atall be Buped ik purchase srice  Dale and rescils ane besod of conrofid oF b worll atd
el e confened by Buyer by ety for il of ima  The j frms ol deewi feoded B and i Dmeioe nol
o By, coms foF advih oldegmd coffae Wi muosun meotieee, aiveded don oF Disad B alended o by ieed G W

hEmnﬂhU-.’mlmnH.ﬂd
it Ml et Pt Maire "TRICARNO, 1090 =L
P Dale’ Sug-ia =i S pecaty Chairiciia, e

Material Data Sheet for Irganox 1010 antioxidant
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General

Chemical Structure

Physical Properties
{pmical values)

Applications

Clba Specialy Chamias %
E 3

Ciba **
Ciba® IRGAFOS® 168
Processing Stabiliser

IREARDS 168 Is a Fsaryiphosphite processing stabilisen. it 15 3 highly
efeciive, loW-vDialie and nydmiysis resistart antoaddant for cosdng
resiie. I protects the /2SR pOiymer aganst oadation during resin
synifiests, mamfaciuring of the paird, processing (thermal curng and

and me designed ife-ime of e final codling. IRGAFCS 163
peovides excellen proteclion againet @scolouration and changs of
piTyEieR propartios calsen DY Sessve heat ENposre.

1P

THis (2, 2-0HEn-DUTyIpheny Jphoephite; MOIECUIa VRt 526 0
CAS Number: J1570H04-4

IRGAFCS 165 Is ofared In two diferent product fonmmes:

AJOSSENCET WIS powoer IRGARCS 158
White See-Aowing poveder FRGAFDS 158 FF

Meling poim & G

ity (gT0g soilion 3 20T .
Aceione 1
10
Hexane "
Emand 0.1
Methance <00
Eihyl acctale 4
Toena )
Water = 001 degradation)

IRGAFDS 156 provides OListanding thesmnal and colour stablty 1o 3
mdmmmwm@mMm

processing. 1t 15 partciay sutied i
mammwmmmrgamma
used in appications such as

+ ausiial poveder coEngs (elecinical and gas ovan heafing)
+ Ol COaEngs
« oiher Incustnia high bake coatings

A specia feahure of the IRGAFOS 166 phosphite siabilser |5 e

Edition 31 D5 2005

& 205 Cha Spedatty Chemicals Inc Pageiol2
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Ciba® IRGAFOS® 168
Processing Stabiliser

£
Ciba ™

eficiancy in presence of MO geses and thus s polentia to funcion In
critical gas oven curing conditions.

In elecinical cvens and gas fired ovens where e codisd sLDETIIES

IRIGAFOS 158 In combination ‘with ninderad amine fght  sablisers
(HALS) such @ TINUWIM 111 FD, TINUVIN 252 or TINUWIN 622 LD

For Improved peromance IRGAFDS 166 may a0 be comoined Wi
ofier phosoiie of phosphonte costaiizens such 3s IRGAFDS 38,
RGAFOS NP 40 and IRGAFOS XP 60 or Wih hiceynemgets sich a5
IRGEANOX PS 500,

The amourt of IRGAFCS 165 requred for opimum perfrmance shouid
b determined I Mals coverng 3 concenitation range.

Recommended concentration:

[basad on regin sollss)

» Inciiesirial powdsr coatngs

= coll coatings 0.2 - 0.8% IRGAFOS 165

» ciher Incusirts Faghi bake alone of In combination with synarglsts

coalinge

Safety and Handling IRGAFCS 168 |5 sensiive o moisturs. Commendal quanitiss are
ofared In special meblised piastc Iher  packagings o present
mydmiysis Of the poduct upon soREge. To SNSRIt
perfomiance, opened packages and smal sampess shoud be wsed up
Winout d=lay and Care faken 10 Swold SEposare 10 MoiEt emdronments.
IRGAFCS 156 shoud De hanad |n 3coormsnce Wil good Inoustral
practice. Detaled infarmazon ks provided in the S3ety Daa Shesl

Trademark IRGAFDS and IRGANCH e reglsieed facemaks.

Important Notice IMPORTANT: The flowty superseces Buyer's documents. SELLER
MAKES MO REPRESCNTATION OF WARRANTY, EXPRESS OR
IMPLIED, INCLUDING OF MERCHANTABILITY OR FITMESS FOR A
PARTICULAR PURPOSE. No salements herein are io be consinaed
F Ihducements 0 Ininge any relevant patent  Under no
circumstances snall Seiler D llanis for InCdemal, CONSEQUETEE of
Indrect gamages for dleped neghoence, Desach of wamanty, sinct
llabiity, foet of contract aisng In commecion with Me producls).
Earyer's soie Femedy and Salers sie llabiity for any daims shal be

Ecition 31.05 3005 © 2005 Cioa Specisity Chemicals inc Fage2otd
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Ciba® IRGAFOS® 168 % .
Processing Stabiliser ﬁ '--'.

Ciba %

Buyer's purchase price. Ddts and resuts 308 basad on comtraled or lab
WOk and mist e corimed by Buyer by tesing fof Hs Infended
conadifions of U==. The poducts) hes ot beon tesled for, and &
thersfiore not recommendiad S, USSE B which proionged contact with
MRICONE MEsTBEnes, abraded skin, or Diood Is Imendad; o for uses for
which Implantstion wifin the numan body i Infended.

Eftion 3105 2005 £ 2005 Cha Speciaity Cremicais inc Fage 303

Material Data Sheet for Irgafos 168 Antioxidant

169



Cerrg minckiviral Mineray. e

Herg e Georgia Industrial Minerals, Inc.

CD-2200 Muscovite Mica

Markets

CD-2200 15 a water ground muscovite mica that has optimum delamination and high punty.
Chr patented process produces a mica product that gives optimum performance in a vanety of
applications. In addition to excellent color,

CD-2200 creates a functional pigment that 15 very desirable where low bulk density, fineness,
lugh aspect ratio, and excellent coverage are requred.

Applications

The major applications for CD-2200 are:
Foundry coatings Mold releases

Wire & cable Engineering plastics
Asphalt produets Gaskets

Asbestos replacement  Sealants caulks
High temp coatings ~ Industnal pnmers
Exterior coatings Marne coatings

Performance Characteristics

The performance charactenstics that make

CD-2200 an acceptable cost effective additive for these markets are:
Excellent color

Ease of dispersion

Chemical mertness

Increased coverage

Supenior barmier properties

High temperature stability

Supenor dielectric properties

Supenior reinforcement properties

Flant Location ‘Despstep Commmumity
1132 Veal Boad
Sandersville, Ga. 31082
Phone:  (478) 553-0048
Fax: (478) 553-0050
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Plivsical Fropertes Specifications  Tvpical

Mean Particle S1ze, microns 18- 22 20
Sieve Analysis, % retained
+100 mesh 0.1 max. 0.08
+200 mesh 1 max. 0.23
+325 mesh 2.0 max. 1.0
Bulk Density (Colgate method) 10- 14 12
Moisture Loss, 100C ®, % 0.5 max. 0.3
Color, L value 90 min.

Chemical Properties

Mineral Muscovite mica

Chemical Composition Potassium aluminum silicate
Specific gravity 282

CAS# 12001-26-2

rh 6.0-75

Regulatory

GIM muca meets the FDA requrements of Title 21 CFER. § 175.105.5 Adhesives;§175.300
Resmous & Polymernic coatings;§177.1320(B) Olefin polymers; §177.2800 Rubber articles
mtended for repeated use;§178.3297 Colorants for polymers. Meets CTFA 732498 for use in
cosmefics. These miuca products are histed on the US TSCA list and Canadian DSL. See
MSDS for safety and additional regulatory information.

Contacts

Sales Manager: Product Manager:
Jim Barton Jemry Korte

(B64) 9844266 (706) 376-3200
Office & Fax Office & Fax

Jbarton @ gimmica. com jkorted gimmica.com

The staemexnts hereiz are brsed oo data whick is balieved to be miizble. This data i offered iz good faith and typical of zomal prodaction
CI makgs mo wamanty o mpresantation, expressed or ieplied, regarding the accemacy of this data or the wue of this product  The usaris
scluly respoasible for the nse of this prodect. Updated 1115505

Moet CTFA

Material Data Sheet for Mica CD 2200
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premium quality wollastonite
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CHEMICAL COMPOSITION: CoSily TYPICAL PROPEETIES WALWE

L MPONENT TTFICAL WALUE [5%&] APPEAESMCE WHITE
MOEPHOLOGSY ACICULAR
Si0ig 51.40 MOLECULAR WEIGHT 114
Fazli3 OLFF SFECIFIC GRAVITY F
Al o EEFELCTIVE IMDEX 1.43
[l 01 pH 1R SLURRY] £
Mgo 0,35 WATER SOLUBILTY [gf 100=e] [ER
T 5 0E DEMSITY | cu ] 180
"'F:- N Os BULKIMG WALUE C.od13
PP — L5 MOHS HAEDMESS d.5
COEFFICIENT OF FAMEION |madmm™C] 4.5 X Ngs
TIRG POAMT [*C) - thacratizal 540
FOHMT |*C] -bp ASTM OV 57 1410

nvco

Ei Bimmca] B Wadl 55 Spplf siisea

CILAS GRANULDMETER CURVE

URPTEE STATES
PO, Bep JAE
201 Mavsle s Vigw Drece
wlskwre, HY
TEFFE-00dH, LU5A
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