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ABSTRACT

Polyamide-6 (PA6), acrylonitrile-butadiene-styrg®BS) and their blends are
an important class of engineering thermoplasticg #re widely used especially for
automotive industries. Many efforts have been takeimprove the properties of both
pure components and the blends. It was for thisoeshat the dynamic mechanical and
rheological properties of PAG6/ABS blend systems patibilised by acrylonitrile-
butadiene-styrene—maleic anhydride (ABS-g-MAH) wsiadied. The compatibiliser
level was kept up to 5wt. % in the blends. Shoasglfibre (SGF) was used to improve
the stiffness of the compatibilised blends andcirecentration was varied from 10 to 30
wt. %. Therefore, the reason behind of blendingRIA&/ABS blends with short glass
fibore was to balance the toughness and stiffnese Blends and corresponding
composites were compounded using a co-counter dvaw extruder. Tensile, flexural
and impact properties were determined using theciign moulded test samples
according to ASTM standards. Dynamic mechanicalyaea (DMA) were carried out
to investigate the dynamic mechanical behaviourtied blends and composites.
Rheological properties were carried out using dyinaend capillary rheometer. In
general, the mechanical strength either dynamfer(te DMA) or static conditions were
improved by incorporation of compatibiliser to tRA6/ABS blends. The incorporation
of SGF into the PA6/ABS blends enhanced the mechhasitrength however, reduced
the toughness of the composites. The rheologicasmrements confirmed the increased
in interaction between the blend components with iticorporation of compatibiliser
The compatibiliser has no favourable effect on thechanical properties of the
composites although it has significant effect oa lihends of PA6/ABS. ABS-g-MAH
increases the melt viscosity of the blends. The 8Gfeased the rheological properties
especially viscosity and flowability of the compesi. The optimum ratio compatibiliser
and SGF concentration were successfully determusaty power law and consistency
index analysis. From the analysis the optimum rabtained was 1.5 wt. % for 50/50
and 60/40 PAG/ABS blends and 3 wt. % for 70/30 P& blends. When the SGF
introduced at 20 wt. % concentration, the values ofrastically decreased indicating
more pseudoplastic nature for the composites amtleded that, the optimum
concentration of SGF was about 20 wt. %.



ABSTRAK

Poliamida-6 (PA6), akrilonitril-butadiena-sterinaard adunan keduanya
merupakan satu bahan kejuruteraan termoplastik yeegting dan sangat luas
penggunaanya terutama dalam industri automotifod®gli usaha telah diambil untuk
memperbaiki sifat-sifat kedua-dua komponen dan adaya, Ini menjadikan alasan
kajian terhadap sifat-sifat dinamik mekanikal daealogi sistem adunan PA6/ABS yang
telah diserasikan oleh akrilonitril-butadiena-starmelaik anhadrida (ABS-g-MAH).
Aras penserasi dalam adunan PAG6/ABS telah ditetapkhingga 5 wt. %. Gentian kaca
pendek (SGF) telah digunakan untuk mempebaiki keakadunan yang telah
diserasikan dan kandungan SGF dalam adunan divdrati@ hingga 30 wt. %. Oleh
yang demikian, ini adalah alasan disebalik campaduman PA6/ABS dengan gentian
kekaca pendek mengimbangkan kekakuan dan kekukasman. Adunan dan
komposit telah diadun dengan menggunakan penyempgé&ru berkembar arah
berlawanan. Sifat-sifat ketegangan, kelenturan liamtaman telah ditentukan dengan
sampel yang dibentuk dengan menggunakan acuan e berdasarkan piawaian
ASTM. Analisis dinamik mekanikal (DMA) telah dilakan untuk menyiasat kelakukan
dinamik mekanikal adunan dan komposit. Sifat-siémtlogi telah dikaji menggunakan
alatan reologi rerambut dan pengayun. Secara umankekuatan mekanikal sama ada
dinamik (rujuk kepada DMA) atau kekautan mekani&tikttelah diperbaiki dengan
penambahan penserasi ke dalam adunan PA6/ABS. Baham SGF pula ke dalam
adunan telah mempebaiki kekuatan mekanikal bahalawbagaimanapun menurunkan
kekukuhan komposit. Kajian reologi telah menentukamingkatkan interaksi antara
komponen adunan dengan penambahan SGF. Pens#aksnempunyai kesan terhadap
sifat-sifat mekanik komposit, walaupun ada kesamgy&etara terhadap adunan
PAG6/ABS. Di mana juga, ABS-g-MAH meningkatkan keli&n leburan adunan. SGF
pula meningkatkan sifat-sifat reologi komposit tarmmanya kelikatan dan keboleh-
alirannya. Pecahan penserasi dan kepekatan SGFopangum telah berjaya ditentukan
dengan menggunakan analisis indek hukum kuasa etetakan. Dari analisis pecahan
kandungan optimum yang telah didapati adalah 1.5%wt untuk adunan PA6/ABS
50/50 dan 60/40 PA6 dan 3 wt. % pulak untuk adurA6/ABS 70/30. Apabila SGF
telah ditambahkan pada kepekatan 20 wt. %, niZ@knhokum kuasa menurun sceara
mendadak menunujukkan komposit mempunyai sifta-pgaudoplastik yang jelas dan
disimpulkan bahawa 20 wt. % adalah kepekatan optinmagi komposit PA6/ABS
60/40.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Polyamides (PA)s are a patrticularly attractive €lak polymers due to their
good strength and stiffness, low friction and eber#lchemical and wear resistance.
The beneficial properties have led to the wide earaf usage especially in
automotive, electrical and mechanical applicatidhowever, PAs has some
disadvantages associated with their processin@hbitisy — high mould shrinkage
and dimensional stability — due to inherent praperof rapid crystallisation (Jang
and Kim, 2000) and high moisture sensitive becatlmgr hygroscopic nature
(Acierno and Puyvelde, 2004). These characterissigsificantly limit to their
utility. Fortunately, the inherent chemical funcisity of PA makes them an
attractive for modification. Therefore, severalboef§ have been put forth to minimise

the drawbacks by blending with appropriate polyorematerial.

Polyamide 6 (PAG) is often blended with suitablasedmers with chemical

functionality that can react with PA chain ends.6Pa#lso can be blended with other
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copolymers and reduce water absorption ability. Wauthors discussed the

approaches of improving the toughness by reactiotynpers which contain
appropriate chemical functionalities with acid amiae end groups of the PA during
melt processing and also blended with elastomech si8 Acrylonitrile Butadiene
Styrene (ABS) (Kudveet al., 2000; Araujoet al., 2002; Araujoet al., 2003),
Ethylene-Propylene-Diene (EPDM), Poly(phenylenedeXi polyolefin elastomer
(Wabhit et al., 2005; Wabhitet al., 2006), ethylene copolymer (Triacefal., 1991)
and natural rubber (NR) (Caroseal., 2000).

The strong reasons behind the blending of ABS RAIB is that the relatively
lower price of ABS compared to PA6, good proces$igibiow water absorption and
high impact strength (Howe and Wolkowicz, 1987).AB also stronger than PA6
and low mould shrinkage, even if other mechanioal thermal properties are not as
good as PAG6. However, blends of PA6 and ABS are iguitnle throughout the
whole range of compositions and exhibit low impaotighness because large
butadiene particles formed during the melt blendingcess reduce the interfacial
adhesion (Tjonget al., 2002). In absence of compatibiliser, such bleratk lthe
interfacial adhesion and generally exhibit poor hagucal properties. Therefore,
reactive compatibilisation is the most promisingywa enhance the interfacial
adhesion and improve the compatibility of PA6 anBSAblends. Few types of
compatibiliser have been used in the previous studi PA6/ABS blends, however,
very little literature reported on using ABS-grafmaleic anhydride as
compatibiliser of PAG6/ABS blends. Therefore, in sthresearch, a desirable
combination of toughness of ABS and rigidity of Pl be realised by adding
ABS-g-MAH as compatibiliser to enhance the phadesanbn of the blends.

Compatibilised PA6/ABS blends still have a few weasses, even though
other properties could be improved. It has beenvahbat the strength of PA6/ABS
blend especially tensile strength is lower thanvingin PA6 (Meinckeet al., 2004;
Kudvaet al., 2000) and depending on the ratio of PA6 added timoblends (Cho
and Paul, 2001), impact property became poorer winemproportion of PA6 in the
system was decreased (Chiu and Hsiao, 2004). TitebRhds can be ‘supertough’
that is, having Izod impact strength higher tha® 8dm (Cho and Paul, 2001)
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however; it is believe that, the incorporation ofubber phase in PA6 reduces the

strength and stiffness relative to virgin PA6. Gaqngently, the blends of PA6 with
ABS are still not a right answer to become an a#gve material and will not

contribute synergistic effects for the both projesrt Reinforcement by inorganic
(Tjong and Xu, 2001) or short glass fibre (Netiial., 1997) can restore the required
strength and stiffness of rubber toughened PABslitg to the formation of ternary

or hybrid composites.

The additions of rubber or elastomeric materialshsas ABS into PA6 lead
to a reduction of strength and stiffness. In catfreeinforcing thermoplastics by
short glass fibre (SGF) will improve both strengthd high mechanical stiffness
(Tjonget al., 2000; Fuet al., 2000) but a high content of glass fibres areessary to
achieve high strength and high stiffness (Fu antkeal1998; Fiet al., 2000; Bader
and Collins, 1983; Biolzét al., 1994). Unfortunately, there was considerabls las
toughness and ductility when these short glassdibvere incorporated to the
composite (Ahn and Paul, 2006). As a result, thalipation of reinforcement and

ABS will balance the impact and stiffness of theenals.

Some questions would arise; will this compositeshsily processed through
injection moulding process or any other thermopdagprocessing conditions? Will
this composite material be easily moulded to formalé and critical part especially
in automotive? Most of the composite materials amimg fibres are difficult to
produce by injection moulding due to its high visitp The composite materials are
then processed either by using compression moullirextrusion. Thus, in order to
investigate the processibility, the rheologicalpeuies of the composite have to be
thoroughly investigated by using rheological appsasuch as dynamic and

capillary rheometer.



1.2 Problem statements

The important reason in polymer blend either reitéd or non-reinforced
development is to achieve a good combination sgirgperties and processibility.
Since, only a few literature reviews have been ngplo on short glass fibre
reinforced PAG6/ABS composites, it is the objectiok the present research to
investigate specifically the dynamic mechanical ahdological properties of the
composites. Until the present time, the rheologipedperties of non-reinforced
PAG6/ABS blends have only been studied for a namamwge of compositions (Jafari
et al., 2002).

Followings are the current problem to be invesédatdiscussed and

explained in the present study.

How the composition of SGF affects the thermal props of the composites?

Does the dynamic mechanical and mechanical preseif the composites

improved by incorporation of SGF?

What is the rheological behaviour of the compositéen the amounts of SGF

vary from O up to 30%?

What is the optimum composition of short glassdjleferring to the dynamic

mechanical and rheological properties?



1.3 Objectives

This present study has three stages of sub-stuidy.i$to study the effect of
ABS in PAG6 blends without compatibiliser. This sguébcuses on mechanical
properties and thermal properties. The study oneffect of compatibiliser in the

blends will be conducted in the second stage.

The study on the dynamic mechanical and rheolbgicgerties of polymer
blends is of great theoretical and practical imgoace that will help to understand the
dynamic mechanical behaviour of the blends and rtiemlogical properties of

polymer blends and composites.

While prior research has been performed on theloggoand dynamic
mechanical properties of PA6/ABS blends, more esttenanalysis on the glass fibre
reinforced PA6/ABS composites is still quite neeegsdue to many questions still
unanswered. This study dealt on the dynamic mechhmrocessing, thermal, and
morphology of the PAG6/ABS blends and compositioDgect outcomes of this
research may lead to factors that may or enhansieedeproperties in automotive

parts. Overall, the objectives of this study are:

To study the effects of incorporating various cosipon of SGF on

PAG6/ABS composites on thermal properties.

To investigate the improvement with introduction gfass fibre into
PAG6/ABS composites on dynamic mechanical and mechakproperties of

automotive parts.

To explore the rheological behaviour of the comissby increasing the
amount of SGF from 0 to 30 wt. %.

To determine the optimum composition of SGF, rafigrito the dynamic

mechanical and rheological properties.



1.4  Scopesof Study

In order to achieve the objectives, the scopesreavare as follows:

1. Sample preparation of PA6/ABS blends

o In this work, sample was prepared using melt iati@tcon method which
was carried out using a twin-screw extruder ovex Het range of
compositions between ABS, PA6 and ABS-g-MAH. Thiaswollowed
by the injection moulding process to prepare tpstcgnen according to
the ASTM testing standard.

o0 There were two set of samples with the set of raogeposition prepared
for testing and analysing: uncompatibilised PA6/ABfends and
compatibilised PA6/ABS blends.

o The PA6 contents in PA6/ABS blends range from 70%0% weight
ratio. While, the ABS-g-MAH percentage as compdétibr was varied
from 1, 3 and 5 wt. %.

2. Sample preparation of PA6/ABS composites

0 The composite samples were prepared using meftalétion method.

o The PA6, ABS and ABS-g-MAH composition were selddbased on the

optimum ratio which was obtained from the studyoliymer blends.

o The amounts of glass fibre were added into PAG6/ARSBds gradually
from 0O to 30 wt. %.
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. The entire samples specimens were tested in oodstutly the mechanical and

dynamic mechanical properties: - tensile, flexumad impact for automotive
parts according to ASTM standard as well as dynamerhanical analysis
(DMA).

Differential Scanning Calorimetery (DSC) was used investigate the
compatibility of the sample by obtaining thermabperties; the glass transition

temperature, melting temperature and degree ofallipgty.

Rheological studies — capillary and rotational rheter were used to investigate

the rheological parameters of polymer compositestdends.

. Scanning electron microscopy analysis was carried t evaluate the

morphology of the blends and composites.

Fourier transforms infrared analysis was carried tmuconfirm the reaction

during melt intercalation process.

. Scanning electron microscopy was carried out testigate the morphological

structure of the samples.



CHAPTER 2

LITERATURE REVIEW AND THEORY

21 Polymer Blends

Polymers blends play an important role in widenglastics application because
of their ability to produce new products with a wicange of properties interest with
minimal investment (Paul, 1978) and became onéheffastest growing segments of
polymer technology in commercial applications aegelopments (Utraclet al 1989).
The term polymer blend can be used to describe sturei of at least two
macromolecular substances, polymers or copolyméracki, 2002). Another word is a
polymer alloy; it can be described as an immiscgadlmer blend with a distinct phase-
morphology (Utracki, 1990) or with stabilised moopdgies (Utrackiet al, 1989). An
interpenetrating polymer network is also a polynidend in which one or more
components undergo polymerization or crosslinkethépresence of the other (Utracki
et al, 1989). Another term being adopted in this stuglgampatible polymer blends,
which indicate commercially useful materials, a mie of polymer without strong

repulsive forces that is homogenous to the eyea@ldtet al, 1989). Other terms can be
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used to describe polymer blends for example cotbiiadd polymer blends and these

primarily relate to state of miscibility of the big.

The polymer blends are classified as either miscasld immiscible; the former

defined as homogenous down to the molecular Iéaling the negative free energy of

mixing: AG,.. % AH_..=0 and a positive value of the second derivative:

d*AG,,../d0" = 0, where®, G,,... andH are the volume fraction of the dispersed

phase, Gibbs energy of mixing and heat of mixiegpectively. Most polymer pairs are
immiscible (Kumar and Gupta, 1998; Utracki, 199§ aneed to be compatibilised to
achieve a stable morphology and set of performast@aacteristics. The blending
process of two polymers can be melted-blending nneatruder or dissolved in a
common solvent and then removing the solvent, hewetie procedure does not ensure
that the two polymers will mix on a microscopic ékvlit is well known that the
production of miscible, immiscible binary and temn&lends of polymers can lead to
composite materials with special chemical, thernmakchanical and rheological
properties. These materials normally have moreuealde properties than those of their
pure constituents. These properties include redweszbsities; improved moduli and
tensile strength (Sridaet al, 1998; Shonaiket al, 1995; Fayet al, 1982) induced by
processing (Pelleriat al, 2000; Doi and Ohta, 1991) and enhanced crysitglliGuschl

et al, 2002; Chen and Porter, 1993). Typical polyme&nts consists of two or more
dissimilar materials such that the resultant blefitthave combined properties of each
constituent. The blending of a semicrystalline pody (ductile) with an amorphous
polymer (brittle) also will end up with a materialith both elastic and rigid
characteristics, depending on the amount/compeogitioportions of the blending

constituents.
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2.2  Overview of polymer composite

Introduced over 50 years ago, composites are faarderced plastics used in a
variety of products, applications and industriese Term "composite” can apply to any
combination of individual materials consisting two more distinct phases with an
interface between them (Karger-Kocsis, 2000). Caitps focus on fibres, primarily
glasses that have been impregnated with a plastio matrix. Combining glass fibres
with resin matrix is resulted in composites tha¢ atrong, lightweight, corrosion-
resistant and dimensionally stable. They also plegood design flexibility and high
dielectric strength, and usually require lower itoglcosts. Because of these advantages,
composites are being used in a wide variety ofiegfbns, such as sport and leisure and
as replacement of automotive part. Their tremendstusngth-to-weight and design
flexibility make them ideal in structural componerfor the transportation industry.
High-strength lightweight premium composite materisuch as carbon fibre and
epoxies are being used for aerospace applicatimh$igh performance sporting goods.
Their superior electrical insulating propertiesoaisake them ideal for appliances, tools
and machinery. Tanks and pipes constructed withosimm-resistant composites offer

extended service life over those made from metals.

The roles of matrix in the composite are as follews

» for transferring the load from the matrix to thenfercement
» for distributing the stress among the reinforcerisegiements
» for protecting the reinforcement from environmerattiack

» for positioning the reinforcing material

Meanwhile, the reinforcement functions is to cating load and interface (2

dimensions) or interphase (3 dimensions) is a gixd or finite thin layer with its own
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properties, and to transfer the stress from therix#éd the reinforcement (Karger-

Kocsis, 1996).

One of composite main advantages is how their compts for example glass
fiber and resin matrix complements each other. ®vthiln glass fibres are quite strong,
they are also susceptible to damage. Certain ptaate relatively weak, yet extremely
versatile and tough. Combining these two compontgsther, however, results in a
material that is more useful than either is separaWwith the right fibre, resin and
manufacturing process, designers can tailor corgmsio meet final product
requirements that could not be met by using otheternals. The purpose of
reinforcement in the polymeric material is aimedingprove the toughness of the
composites, and achieving the desired balance ketwstffness and toughness, also to
reduce the brittleness of matrix and inhibits natehsitivity. The goals of the polymer
composite also are to improve the heat distortiemperature and reduce some
environmental effects such as water susceptildlitg reduce the cost of materials and
processing. The mechanical performance of thee@labmposites also can be tailored
by adding a coupling agent, compatibiliser and icbpaodifier. As a result, these added

materials improve the interfacial adhesion betwiderreinforcement and matrix.

Factors affecting the mechanical performance ohfoeced thermoplastics

blends are summarised in Figure 2.1: -
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Figure 2.1 : Factors influencing the mechanicalfqyerance of reinforced polymer
blends (Karger-Kocsis, 2000).

2.3  Compatibilisation of Polymer Blends and Composites

Compatibility is affected by the nature and exteihthe wetting and absorption

phenomena which is associated with adhesion. Congsothat are used in promoting

adhesion in polymer blends are known as “coupliggnés”, “compatibiliser”, “filler”

and interfacial agents”. The common word being usedthis field of study is
compatibilisation. Compatibilisation is a proce$srmdifying the interfacial properties
of immiscible polymer blend, resulting in reductiohthe interfacial tension coefficient,

formation and stabilization of the desired morplggldUtracki, 2002). Therefore, the
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compatibilisation is an essential process that edsva mixture of polymer into alloy

that has the desired set of performance charatatsris

Blending of two different polymeric materials invek several steps that could
produce blends with stable and reproducible praggerSince the material performances
depend on morphology, so it must be optimizedlierdesired performance, i.e., during

forming to be either stable or reproducibly modifea

The compatibilisation methods can be divided int@ tcategories (Utracki,
2002):

a) By addition of : (i) a small quantity of a third mponent which is miscible
with both phases (co-solvent); (ii) a small quantait copolymer which will
miscible into both polymer phases; (iii) a largecamt of a core-shell, multi

purpose compatibiliser-cum-impact modifier.

b) By reactive compatibilisation, which uses thesatstyies; (i) trans-reactions;
(ii) reactive formation of graft, block or lightlgrosslinked copolymer; (iii)
formation of ionically bonded structures; and (im)echano-chemical

blending that may lead to chain’s breakage andméamation.

As have been mentioned by many researchers, thettahpolymer pairs or blends
are immiscible and therefore must be compatibilisgdheans of either one of the above
method before they can be rendered “useful”. Adogrdo Utracki (2002) the goals of

compatibilisation process are as follows:

a) To adjust the interfacial tension, thus engendedesired dispersion

b) To ensure that the morphology generated durin@fibging stage will yield

optimum structure during the forming stage
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c) To enhance adhesion between the phases in thestata facilitating the

stress transfer hence improving performance

2.4 Overview of polymer rheology

The science of deformation and flow is called rbggl and the flow properties
of polymer are called rheological properties. Therdvrheology is derived from the
Greek word, “rheos” meaning flow. Rheology is usedneasure, describe, explain and
apply the phenomena of plastics deformation and fb@curring in bodies on being
deformed (Kirschke, 1976; Han, 1976). Another daén of rheology that can be found
in most rheology textbooks is the science of flowd aleformation of matter (Gupta,
2000; Carreaet al.,1997; Barnegt al, 1989; Cogswell, 1981). Definition by Morrison
(2001) stated the rheology is the study of the flolvmaterials that behave in an

interesting or unusual manner.

All the definitions do not specify whether the miakis a solid or fluid because
it can be applied to both materials. Like fluidslids also undergo deformation and flow
such as that occur in metal forming and stretclahgubber. Sometimes the flow of
solids is very slow and unnoticeable for exampkeping flow of polymer solids and
soil movement. However, mostly the term of rheole@most commonly applied to the
study of fluids or fluid-like materials such as mioil well drilling mud, blood, polymer
solutions and molten polymers in which flows arerenpronounced. Accordingly, the
two key words in the definition of rheology are aehation or flow and force (Dealy
and Wissbrun, 1990). Rheology is concerned withdigcription of the deformation of
the material under the influence of stresses (Sheh®@09). In order to learn anything

about the rheological properties of material, ongstreither measure the deformation
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resulting from a given force or measure the foreguired to produce a given

deformation.

Polymeric materials like any other materials arené@®d of forming process in
order to make them useable. Regardless of the ialatesiny forming process involves
deformation and flow, which transform them into pés that are desired or required.
Examples of forming processes for polymeric malkeriare injection moulding,
extrusion, compression moulding and blow mouldirgenerally, the polymeric
materials are subjected to deformation induced ésampeters such as pressure and
temperature and are forced to flow in confined getnies such as barrels, runners, dies
and moulds which directly or indirectly contribute the final shapes. The flow that
occurs inside these geometries can strongly infleghe physical nature of the product.
Therefore, it is important to understand the flokamacteristics or patterns in which
polymeric material flows, i.e. polymer rheology. etter understanding of polymer

rheology is an essential step to the successfalegsing of polymeric materials.

Success in achieving good properties in a polymgstesn depends on
understanding the behaviour of the polymer duringc@ssing and preparation
(Borgaonkar, 1998). Most of polymer processingluding reshaping or forming are
done in the molten phase. Therefore, amorphousymigxhibits softening temperature
range in which all the random chain entanglemeliwlg unwind, and flow of the

polymer chains past each other occur, dependirthedirection of the shear force.

In the 1970s, there has been a steadily growirgyest, among both academic
and industrial communities, in applying the fundataé concepts of rheology to
polymer operations (Dealy and Wissbrun, 1990). Trhe interplay between rheology
and polymer processing seems to have just staded, there are a number of
challenging and difficult questions to be answemdmany polymer operations of

industrial importance.
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The mechanical properties of multi-component paynmaterials are first

determined by the properties of the constituenypels. However, to a high degree,
they are influenced by the blend morphology, whiohturn it depends on the

thermodynamic interactions between the two polyiriies rheological behaviour of the
constituents and the processing conditions €Xwal, 1999). Rheological studies can
give access to information pertaining to the strrestmorphology and processing of the
materials (Utraki, 1993). Rheology is a key in po&r research, being an important link
in the so-called ‘chain of knowledge’ reaching fréime production of polymers to their
end-use properties (Markus, 2001). So, the undeistg of polymer rheology is the key
to effective design material plus process selectitlm efficient fabrication, and

satisfactory service, yet few engineers make adequae of what is known and

understood in polymer rheology (Lenk, 1978).

2.5  Significance of rheological properties studies

A very common reason for the study of rheologicalperties is for the purpose
of quality control where the raw materials mustbasistent from batch to batch as such
as flow behaviour is an indirect measure of produactsistency and quality. Therefore,
rheological properties are very important in qyatibntrol line during production or to
process control in predicting and controlling a tho$ raw material and product
properties, end-use performance and material behavi

Another reason for study of flow behaviour is treatdirect assessment of
processibility can be obtained. Knowing its rheatafjbehaviour of polymer is useful
when designing the process and usage of the polynmeaterials for automotive

application. It has also been suggested that olggdesting is the most sensitive method
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for material characterization because flow behavisiclosely associated to properties

such as molecular weight and molecular distribution

Having a rheological knowledge is important in pdivg understanding of a
forming process, which is considered as the helagraduct fabrication. In polymer
processing, an understanding of polymer rheolodlyaskey to effective design, material
and process selection, efficient fabrication anisfsectory service performance (Lenk,
1978). Usually, rheological data is used in detamg whether or not a type of polymer
can be extruded, moulded and shaped into a prhchicd useable product. In
commercial processing, molten polymer is forcefldaw through orifice or die as well
as into cavities that may have various shapeselfviscosity of the molten polymer is
not suitable with processing conditions, defectsy macur during a pre and post-

processing.

Other than polymer processing, one of the mainddiein polymer studies
concentrates on the end properties and applicatmigolymer products where
properties such as mechanical and physical presedie very important. Of course,
these properties are influenced by rheological biela Deformation and flow result in
molecular orientation, which has dramatic effects physical and subsequently
mechanical properties of moulded parts, profilerieddtes and films. The kind and
degree of molecular orientation are largely deteadiby rheological behaviour of the

polymer and the nature of the flow in the fabricatprocess (Gupta, 2000).

The extent of understanding rheology relies on itndividual’'s needs and
desires. Brydson (1981) has concluded that rhecdbgiudy can lead to many benefits,

as follows:

a) It is possible to understand processing faults dateécts which are of
rheological origin and hence make logical suggestifor adjusting the
processing conditions for either minimizing or cdetely removing the
fault.
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b) It is possible to make a more intelligent selectadnthe best polymer or

polymer compound to use under a given set of cistantes.

c) It can lead to quantitative and to some extent tjiaive, relationship
between such factors as output, power consumpii@athine dimensions,
material properties and operational variables sashtemperature and

pressure.

d) There are some, limited, use in providing information molecular

structure.

2.6  Application of rheology to polymer processing

Polymer processing operations resemble those dfsicll mechanical or
chemical unit operations, which involve momentumergy and mass transport of
polymeric materials. Some representative polymesrapons of industrial importance
are extrusion, injection moulding, blow mouldingdahermoforming (McKelvey, 1962;
Pearson and Richardson, 1983; Tadmor and Gogo®).1Bibwever, because of the
special characteristics (i.e. viscoelasticity) #hgmlymeric materials posses, polymer
processing operations are usually more complex thacthanical or chemical
engineering unit operations. A good understandifigp@ymer operations requires
knowledge of several branches of science and eagntge such as polymer chemistry,
mechanics of non-Newtonian viscoelastic fluids amacromolecular behaviour under
deformation, which is often accompanied by heat avas$s transfer and/or chemical

reactions.
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The study of polymer operations demands the knaydeodf the relationship

between processing variables, mechanical propetidsmolecular parameters with the

flow or rheological properties as shown in Figur2. 2

N\ 4 R N\ 4 R
Molecular Rheological Processing
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Figure 2.2. Rheological parameters acting as aldetlween molecular structure and
final properties a polymer (Markus Gahleitner, 2001

Figure 2.2 further shows that there are a numberrehs where a better
understanding of rheology can assist polymer psiogsoperations. One such area is
the characterisation of polymeric materials in tewwhtheir viscoelastic properties either
by using existing rheometers or developing new meters (Cogswell, 1981; Barnes
al., 1989). Better understanding of the rheologicapprties would help in determining
the molecular weight and molecular weight distiidmitof a polymer in order to provide

optimum processing condition or achieve desireg@res in the final product..

Rheology also help in determining optimal desigp@icessing equipment, such

as extrusion die, extrusion screws, various moéddsnjection moulding and mixing
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devices (Tadmor and Gogos, 1979; Micheali, 1992)prAper design of processing

equipment requires information of flow propertidstloe material under consideration.
For instance, in an extrusion operation, geomdtfacztors such as die entrance angle,
the screw length-to-diameter ratio and the resettescapillary diameter ratio may

significantly affect processing conditions and tgently the mechanical and/or

physical properties of the final product.

Besides experimental or practical assistance, oggohlso helps to polymer
processing in carrying out theoretical analysighe flow mechanics of rheologically
complex polymeric materials in various kinds of gessing equipment. Theoretical
analysis requires a rheological model, which dessireasonably well the flow
behaviour of the material under consideration. tdeigoven a flow field of a particular
material, the development of an acceptable rhecdbgnodel is very important to the
success of the theoretical study of flow proble®sch a theoretical study should be
useful for designing better processing equipmert determining optimal processing
conditions (Han, 1976). Therefore, understanding telationships between the
rheological properties and processing conditionsedsential to develop criteria for
evaluating the prosessibility of the plastics aririzing the process (Bargaonkar,
1998).

Besides of the explanation above, in a compositbriology, polymer scientists
are interested because of the need to developracdgs new composite materials with
desired physical and mechanical properties. Thegefthe rheological behaviour of
composite materials is not only governs the peréoree of end-products but also
controls the fluid and heat transfer charactegstdaring polymer processing (Hscich,
1982).
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2.7 Rheometers

2.7.1 Introduction

Rheology includes almost every aspect of the stfdyeformation of materials
under the influence of imposed stress; and rheaertetthniques help to define the flow
properties of materials from a practical view. Coenaml interest in synthetic polymers
has been the greatest impetus to the science ofodye The rheology of a material
dictates whether or not the polymer can be proceksd®ped, and formed into desired
product in an efficient and economical mannerhatdame time maintains dimensional

stability and high quality.

Rheometers are instrument designed to measureh#wogical properties of
materials. Most rheometers are built on the priecgd shear deformation; the quantity
measured by rheometers either force, pressure a@rogrque that is directly related to
the shear stress. The simplest type of shear dafamis “simple shear”, which is the
deformation generated when a material is placedd®st two parallel flat plates and one
of the two plates is then translated, while the bapveen the plates is kept constant. If
the gap iy and the linear displacement of the moving platexis then the deformation

generated is the “shear strain’, given by (see Figure 2.3):
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The quantity measured is the shear stresslefined, as the force required to

move the plate, divided by the area of the plateedleby the material being deformed.

(2.3)

Such an arrangement can be used to measure rtelpgyperties by displacing

the moving plate in some prescribed way and meagtine resulting shear stregsThe
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rheological behaviour can then be described byngiwhe relationship between the

stress and the shear strain or the shear rate.

Materials consisting of a single liquid phase andtaining only low molecular
weight, mutually soluble components, are usual Newn fluids under normal

conditions. For a Newtonian fluid, the shear stresis proportional to the shear rate,

This can be expressed quantitatively by the follmpequation:

r=ny (2.4)

where 77 is the viscosity of the fluid. For a Newtonianifluhe viscosity depends on
composition and temperature but not on the she@. tdany materials processed
commercially are multiphase fluids, which incluéenentation broths, mineral slurries,
paints and foodstuffs. Another important categofynterials is polymeric liquids,
either polymer solutions or molten resins. All thewaterials can be non-Newtonian.
The simplest manifestation of non-Newtonian behawis that the viscosity varies with
the shear rate in steady simple shear, thus tagareship between them can be written

as follows,

4 .

—=n() (2.5)
14

wherey is the viscosity. The most common type of non-Newdo behaviour is that the
viscosity decreases as the shear rate increasgsuah a material is said to be “shear
thinning” or pseudoplastics. Some concentrated enspns can exhibit the opposite

type of behaviour withy increasing witly , known as “shear thickening” or dilatants

fluid. A simple empirical equation, the “power lawiscosity model for describing the

dependence of viscosity on shear rate over a nedage of shear rates is shown below:
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n=Ky"1 (2.6)

wheren andk are the power law index and consistency indexiaetsvely. Whem =1,
Newtonian behaviour is indicated, while n < 1 imneplshear thinning behaviour, and n >

1 implies shear thickening behaviour.

Polymeric liquids exhibit a combination of elasticd viscous flow and called as
“viscoelastic”. Consequently, their rheological pecties are also time dependent. The
viscoelastic properties of polymeric fluids, in fpaular the storage and loss moduli
defined below, can be very useful for measurinthefextent of dispersion of particular
filler. Polymer viscoelasticity is usually descrtbén terms of response of fluid to a

sinusoidal shearing, where the shear strain isngnye
At) = ysin(at + &) (2.7)

whereo is the frequency of the oscillatory stradis the phase angle or mechanical loss

angle andy, is the strain amplitude. If the strain amplitudesufficiently small, the

shear stress is also sinusoidal and is given by

r(t) = rysin(wt + &) (2.8)
where 7, is the stress amplitude, at a given frequency is proportional 19 , if the
strain is sufficiently small. This type of behavias called linear viscoelasticity. The
linear viscoelasticity could be described usinganometric identity as follows:

(t) = ¥, [G'sin(wt) + G'sin(ot)] (2.9)

whereG'(w)is the storage modulus a@d (« ) is the loss modulus, which are functions

of frequency. Both are linear viscoelastic mateualctions.
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Another term of importance is the ratio of losstorage modulus defined as

()
G.I'

G
Loss tangent: = tan & (2.10)

It is also possible to define a dynamic complexcessty in terms of G’ and G” as

follows:

, Gll a)

- (@)=
Dynamic viscosity : w (2.11)

n GI a)

_ =22
Imaginary part of the complex viscosity : w (2.12)
Complex viscosity function : n*(ie =n(a -in' (4 (2.13)

In the same manner as above, a complex moduluecdefined as below :
Complex viscosity function : G*(i0) =G(@) +iG" (@) (2.14)

The storage modulus’(«) and imaginary part of the complex viscosity «) ,
are to be considered as the elastic contributionte complex functions. They are both
measures of energy storage. Similarly, the loss ulisdG”(«w) and the dynamic

viscosity/7'(«) are the viscous contributions or measures ofggndissipation.
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2.7.2 Measuring the Rheological Parameters

2.7.2.1Capillary Rheometer

Capillary rheometers are the most popular of aflorheters, because of their
simplicity in design and use. The basic principfeaoviscosity measurement is the
measurement of the pressure drop of a given flae. ralternatively, one can fix the
pressure drop and measure the flow rate. Theyragally categorized as constant speed

rheometers and constant pressure rheometers.

For fully developed flow in a tube, i.e. far frofmet entrance, both the pressure
gradient and the velocity profile do not changehwdistancez along the tube. By
carrying out a force balance on a lengil,, of tube, it can be shown that the shear

stress at the wallr,,, is related to the pressufg , F;, at the upstream and downstream

ends, of this length, and to the radiRsof the tube.

. ::P.:i_PL:'R

T
w 2Az

(2.15)

This schematic of a rheometer is shown in Figude 2.



28

fiuid

Figure 2.4 : Sketch of Capillary Rheometer Geometry

However, the common practice is to measure onlydtheng pressurdy, in the
reservoir feeding the tube rather than measurespresat the two points in the fully
developed flow region. If the pressure at the @fitthe tubep; i.e. at z = L, is

atmospheric, and this is assumed to be small cadparPy, an apparent wall shear

stressr,, can be calculated

>
Py

(2.16)

For a Newtonian fluid, the velocity profile is paddic, and the shear rate at the

wall is expressed as

w 3
7R (2.17)
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Thus, if Q is flow rate and fixed anBy is measured, the viscosity can be

calculated from Hagen-Poiseuille equation

7, _R'p,
Yo 8LQ

n= (2.18)

If the fluid is non-Newtonian, i.e. if the viscogilepends on the shear rate, there
is a technique to determine the true wall shea matsuch a case, but it requires the
differentiation of pressure data for a number oifirates. In this case it is convenient to

define an apparent wall shear rate as follows:

. 4Q
A (2.19)

For the power lawn, fluid, the true wall shear rate is given by:

. _3n+1.
w 4n a

(2.20)

The value ofn can be significantly different from 1 for many maals, so the

difference betweery, and y, can be large. Most capillary viscometers give as a

output signal an “apparent viscosity” calculateddi®ws:

(2.21)
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2.7.2.2Rotational Rheometer

This flow geometry is illustrated in Figure 2.5.elthear rate varies linearly with
radius, r, and is given by
h (2.22)

whereh is the gap between the disks, &nds the rotational velocity. For a Newtonian

fluid, the viscosity is related to the torque alofws:

= 2Mh
QR (2.23)

whereRis the radius of the disk amd is the measured torque.

The cone-and plate rheometer is of special intdbestuse the shear rate is

approximately constant between the fixtures amgivisn by

V—
I
SFe)

(2.24)

Whered is the cone angle, usually less than 5°, @@ the angular velocity. For the
ideal geometry shown in Figure 2.6, the apex ofdbree just touches the plate without

transmitting torque to it.
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Figure 2.5 : Sketch of parallel disk rheometer getyn

MOLTEN POLYMER

Figure 2.6 : Sketch of Cone and Plate Geometry.

31



32
The shear stress is therefore approximately unifamchis given by

3M
2R

(2.25)

whereM is the torque to turn the cone aRds the radius of the plate. Thus, the

viscosity is

_ 3mME
2IOR® (2.26)

Because of the uniformity of the shear rate, #abd for non-Newtonian fluids.

2.8 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) is becoming mooenmonly seen in the
analytical laboratory as a tool rather than a neseauriosity. This technique is still
treated with reluctance and unease, probably dués tomportation from the field of
rheology. DMA does not require a lot of specialisiedining to use for material
characterisation. It supplies information abouton#jansitions as well as secondary and
tertiary transitions not readily identifiable by het methods. It also allows

characterisation of bulk properties directly affiegtmaterial performance.

DMA can be described as applying an oscillatingdédio a sample and analyzing
the material’'s response to that force. Therefdre,tendency to flow (called viscosity)
from the phase lag and the stiffness (modulus) fite sample recovery can be

calculated. These properties are often describetheasbility to lose energy as heat
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(damping) and the ability to recover from deforroat{elasticity). One way to describe

is the relaxation of the polymer chains (Matsuok@92). Another way would be to
discuss the changes in the free volume of the padythmat occur (Brostow, 1986). Both

descriptions allow one to visualize and descrilgedianges in the sample.

The applied force is called stress. When subjetted stress, a material will
exhibit a deformation or strain. The stress—staairves are common to researchers who
are working with materials. These data have trad#tily been obtained from
mechanical tensile testing at a fixed temperatditee slope of the line gives the
relationship of stress to strain and is a meastitheomaterial’s stiffness, the modulus.
The modulus is dependent on the temperature andpgpéed stress. The modulus
indicates the suitability of the material in apptions. If the polymer is heated, it passes
through its glass transition and changes from gléssubbery; the modulus will often
drop significantly. This drop in stiffness can le@dserious problems if it occurs at a

temperature different from expected.

The modulus measured in DMA is, however, not eyattle same as the
Young’s modulus of the classic stress—strain cuvaing’s modulus is the slope of a
stress—strain curve in the initial linear region.DMA, a complex modulusE}), an
elastic modulusE’), and an imaginary (loss) modulUs’j (McCrumet al., 1991) are
calculated from the material response to the siagewas seen in Figure 2.8. DMA
measures the amplitudes of the stress and straielass the phase anglé) (between
them. This is used to resolve the modulus into rephase component - the storage
modulus,E’ - and an out-of-phase component - the loss mod#Elusand a useful
guantity is the damping factor or loss tangent @awhich is the ratio E"/E’ and is the
amount of mechanical energy dissipated as heatglthe loading/unloading cycle. The
relationship between these quantities and the dynéon complex) modulus (E*) are

represented by the diagram as shown in Figure 2.9:



applied stress

E” Loss Modulus

phase difference
Figure 2.7 : Plot of dynamic stress-strain
E* = Trmax
Fmax
E'=E"cosé
E'" = E*sind
m

S

E’, Storage Modulus

Figure 2.8 : Dynamic mechanical analysis relatigmsh

-—--- measurad strain
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DMA always used to study the miscibility and conilpiity of the polymer

blends and composites due to highly sensitivitietoperature (Gnatowski and Koszkul,
2006; Honget al., 2007; Aokiet al., 1999; Kader and Bhowmick, 2003). Therefore,
DMA is often used in detectingy in blends than DSC (Stoelingt al., 1970). The
important parameter for thi$y analysis is tam. Tan d used to detects changes in
molecular motion or relaxation process. Aragjal.,(2004) analysed the immiscibility
of PA6/ABS blends produced by metyl methacrylataftgd maleic anhydride (MMA-
MAH) using DMA. They confirmed that, PA6/ABS blendas immiscible for all the
range of constituent composition. This was dueneogresence of MMA-MAH did not
affect significantly thely of the SAN phase in ABS phase. Beside ofdathe storage

and loss moduli also can be used to investigatphlase behaviour of the blends.

2.9 Polyamide 6 (PAG6) polymer

PAs contain the -CONH- amide group as a recurriang @f the chain. The most
popular PAs are PA6,6 and PA6 which are made bynpatisation of caprolactam.
Other semicrytalline PAs include PA4,6, PA6,9, PA%,PA 6,12, PA11l and PA12
(Patel, 1998) as shown in Figure 2.10.

The amide group in PA creates hydrogen bonding,reemte the polymers are
very strong with high melting points. After meltintne viscosity is low: thus PAs are
easier to process. Sometimes PA6 and PA6,6 ardytopozed, which leads to a more
amorphous polymer, yielding a tough, flexible amdsonably transparent polymer.
Typical properties of PAs are high strength anfir&ss. PAs have excellent resistance
to fatigue and repeated impacts. PAs show low meffit of friction on contact with
other materials. They have a good abrasion resistaand have excellent resistance to
hydrocarbon fuels, lubricants and other non-polayanic solvents. PAs biologically
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inert but absorb moisture due to their high polature. Moisture acts as a plasticiser,

reducing PA strength. It is also make PA a pooctglzal insulator; but generally, well

compounded PAs are resistant to ordinary poweu&eqy and voltage.
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Major uses of PAs are in automotive parts where thie used as electrical
connectors and light-duty gears. Glass reinforoesins are used for engine fans,
radiator heaters, brake-fluid reservoir, valve e¢evand hydraulic hoses. They are also
used as hammer handles, gears and sprockets, §ustdrcams. Electrical applications
include wiring devices, plugs, connectors, poweil-tbousing, washers and small
appliances. They are also used in ski boards,rrekater, bicycle wheels and fishing
lines. Biaxially oriented PA film is extremely tomgand is used for meat and cheese
packaging, cook-in-bags and vacuum-fill poucheawBmoulded containers are also
popular.

2.10 Acrylonitrile Butadiene Styrene (ABS) polymer

ABS is one of the most versatile families in theptastics, processing unique
balance of properties. The ABS is made up of thmeaomers — acrylonitrile, butadiene
and styrene, the molecular reaction is shown infe@@.11. Various grades of ABS with
optimum properties can be tailor-made by varying thtio of the three monomers
varying the polymer structure and molecular weidgftte most important properties

varied include impact resistance, hardness, etastadulus, gloss and melt viscosity.
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S

P q r
butadi ene arylonitrile styrene

Figure 2.10 : Molecular structure of acrylonitridetadiene-styrene (ABS)

The first commercial ABS plastics, cycolac® wagsoduced in 1954 by Borg
Warner Chemicals. The initial work was started B48. When styrene acrylonitrile
(SAN) copolymer was blended with Buna N rubber,ahhis a copolymer of butadiene
and acrylonitrile, the resultant material had mubgiter impact strength than SAN
plastics. The impact strength at low temperatucgstie blend was still poor. Then,
Borg Warner tried the use of polybutadiene (PBrrbwhich remains rubbery at lower
temperatures than Buna N. Initial ABS plastics carialised were physical blends,
which soon gave way to much improved latex-graff8lS polymers. Styrene and
acrylonitrile are polymerised in the presence of iREa reactor, causing formation of
SAN grafted to rubber particles. The existence®faB a separate phase, and its domain
size are critical to the impact strength of ABSsfitzs. As a result, ABS consists of three
elements that contribute with different propertiestadiene contributes impact strength,
toughness and low temperature property retentidmistvacrylonitrile contributes to the
heat resistance, chemical resistance and surfadedss of the system and the styrene

component improves the processibility, rigidity atcength (Brydson, 1999).

Several different approaches are commercialisguidduce ABS. In most cases,
unsaturated PB rubber is first made by emulsiosadution polymerisation. In second
stage, SAN polymer matrix is formed; and duringt treaction, some SAN is grafted
onto the unsaturation in the rubber. The reactitages can occur by emulsion
polymerization or by mechanical blending of higlghafted, emulsion-made, high-
rubber-content ABS with SAN.
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The general properties of ABS vary, depending ugien additives, monomer

ratios and molecular weight. Usual additives are d#iabilizers and internal lubricants.
ABS electrical insulation properties are usuallpdoThe chemical resistance of ABS is
generally good, as it resist weak acids, strongwedk bases; but resistance to polar
solvents like eters, ketones and halogenated hgdvons is poor. Usually, the
mechanical properties are high, with tensile stiterigpm 3000 to 9000 psi and yield
strain 2 — 5% (Brydson, 1999). Flame retandancyABS is usually imparted by
halogenated additives or by alloying it with PVCda@GPE. Heat resistance grades of
ABS are made by partly replacing styrene with alpteghyl styrene and also by adding
maleic anhydride or alloying it with polycarbonatdsansparent grades are made by
adding acrylics as a fourth comonomer. ABS can tenéd by almost all the
thermoplastic forming methods, but injection mootdi extrusion and rotational
moulding are the most popular methods. ABS can ditestamped, painted, vacuum

metallised, printed and electroplated to give aearof finishes.

2.11 Roleof Compatibiliser

As discussed in the first chapter, immiscible btendften exhibit poor
mechanical properties and have unstable phase wlogyhduring processing. Adding a
proper compatibiliser is an effective way to soltlee problem associated with
incompatible polymer mixtures (@t al, 2003). Functionalised polymers have been
widely used as reactive compatibilisers of polyrhbkmds in various applications. In
general, functionalised polymers can be obtained@raft polymerization of functional
monomers with some commercially available polynsrsh as polybutadiene, styrene-

butadiene block copolymers and ABS terpolymer.
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Polymer alloys or blends may have up to six polyméngredients. If the

number of componentsy, is increased, it means the number of interfaledetween
them becomes largadN = m(m-1)/2 (Utracki, 2002). Thus, compatibilisation of
multicomponent polymer blends may pose serious lenod — improperly designed
interface may cause premature fracture. Therefare, strategies may be adopted. The
first addition of at least one ingredient has fio@l groups that react with several
polymeric components; for example, a multicompormygolymer that plays the dual
role of compatibiliser and impact modifier, or avienolecular weight additive that at
different stages of reactive blending binds to edght components. The second, but
more frequently applied strategy is the sequeng@ttive processing, where the blend(s)
that is/are to form the dispersed phase(s) are athhilsed first, before combining them
into the final composition. One of the common cotiipleser is maleic anhydride
(MAH) reacted with rubber or rubbery like materiadldA groups can react with amine
end group and form a graft copolymer at rubber-maimterface, which reduces
interfacial tension slow down particle coalescefmeeing during mixing (Caronet al,
2000)

The driving force for blending ABS with PAG6 is th&BS is lower price
compared to PA6 and has good processibility, lowewabsorption and high impact
strength. On the other hand, PA6 has excellenesiktance, high water absorption and
high toughness. By combining PA6 with ABS, the drasks of both components can
be eliminated, and the resulting blend has outstgngerformance. However, PA6 and
ABS are poor compatibility. By incorporating of w@rs compatibilisers can improve
the compatibility. According to the above fact, thee of compatibiliser in GF
reinforced PAG/ABS is also essential in order tnglate the drawbacks and improve
the poor compatibility. It is because glass fibBF) has high tensile strength and high
chemical resistance, however, its unidirectionainfoecement makes to uneven
shrinkage and warpage (Karger-Kocsis, 1999). Olshouhe type of GF sizing (PA —
or— ABS compatible) determines the properties 06/A8S blends. The GF sizing and
concentration must be matched to the matrix formpodymer in order to achieve

optimum performance (Ozkoc, 2005; Thomason, 1999).
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Few types of compatibiliser have been used in tegipus studies of PA6/ABS

blends such as poly(methyl methacrylate-co-maleicydride) (Araujoet al., 2003),
polybutadiene-grafted-maleic anhydride (Leti al, 2005), imidized acrylic polymer
(Kudvaet al., 2000), glycidyl methacrylate-methyl methacrylatgalymers (Araujcet
al., 2005), maleic anhydride grafted polyethylene-oetelastomer (Chiu and Hsiao,
2004), styrene-acrylonitrile-maleic anhydride (Kadet al., 1999), polystyrene
copolymerised with 25 wt. % maleic anhydride (Léw al., 2002), styrene-maleic
anhydride (Misreet al, 1993) and poly-phenyl-maleimide-styrene-maleic anhydride)
(Leeet al.,1997). Some of these compatibilisers were noy fuliscible with the blends,
due to the unsimilarity in molecular structure tB& Consequently, the final properties
of the blends could not be achieved to the dedeeel. In addition, it was found very
little literature reported on the use of ABS-grdftealeic anhydride as a compatibiliser
in PAG/ABS blends.

2.12 Glassfibre (GF) Reinfor cement

A glass fibre was first produced in the 1920's,drae popular after substituting
the asbestos in the 1950’s, when some of the dieletehealth effects from asbestos
were first becoming apparent. The diameter ofgliass fibre based on single filaments
is ranging from 3 to 19 micrometers. Single filatseare produced by mechanically
drawing molten glass streams. The filaments arallysgathered into bundles called
strands or rovings. The strands may be used inreanis form for filament winding;
chopped into short lengths for incorporation intoutding compounds or use in spray-
up processes; or formed into fabrics and mats nbuwa types for use in hand coatings
with a material known as a coupling agent, whictves® to promote adhesion of the

glass to the specific resin being used.
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At present there are five major types of glass usethake fibres. The latest

designation is taken from a characteristic prop@sgder, 2001):

i.  A-glass is a high-alkali glass containing 25% sada lime, which offers
very good resistance to chemicals, but lower atsadtproperties.

ii. C-glass is chemical glass, a special mixture wktreenely high chemical
resistance.

lii. E-glass is electrical grade with low alkali contet manifests better
electrical insulation and strongly resists attagkwater. More than 50% of
the glass fibres used for reinforcement is E-glass.

iv.  S-glass is a high-strength glass with a 33% higéesile strength than E-
glass.

v. D-glass has a low dielectric constant with supestectrical properties.
However, its mechanical properties are not so ga®dE-or S-glass. It is
available in limited quantities.

Glass fibres coated with nickel, by the electromrbedeposition process, are
used in moulding compounds and as reinforcememt®léxtrically conductive parts.

The major disadvantage of glass fibre is its ueitional reinforcement leads to uneven
shrinkage and warpage.

2.13 GlassFibreReinforced Polymer Composite

Polymer composites are prepared by mixing polynagtis organic or inorganic
materials such as reinforcing fibres (glass, cartaamid etc.) and particulate solids
(talc, carbon black, calcium carbonate, mica et8ych composites exhibit physical

properties synergistically derived from both thgaoic and inorganic components, for
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example, they show superior mechanical propertiad &igher heat deflection

temperature compared to the pristine polymers whilaintaining processibility

(Manson, 1976). Fibre reinforced polymer (FRP) cosiies were first developed in the
1940’s mainly for military applications. Polymerroposites since then have replaced
metals and have found applications in diverse aligasconstruction, electronics and

consumer products.

However, the improvement in properties is typicalthieved at the expense of
optical clarity and surface gloss, and often resuit increased part weight. This is
because high loading level of greater than 10-wbf%onventional reinforcing agents
and fillers must be added in order to achieve §igant improvement in the properties.
Nowadays, the traditional composites being replacid a new class of more effective
composites using nano-fillers, and becoming arvadield of industrial and academic

research.

Short glass fibre (SGF) reinforced thermoplastics atracting much interests
because of their ease of manufacturing, good mézddgsroperties and economical. The
traditional and most widely used methods of proidmcof such materials are extrusion
compounding and injection moulding. The performarared properties of these
structural materials depend on not only the progexf individual components but also
on the strength of interphase formed between théam@daet al, 2000; Parket al,
2000). Generally, SGF became widely used filleramtodify the modulus, strength,

stiffness, and chemical properties of the virgierthoplastics.

The fibre reinforced polymer composites are clasgiinto the continuous fibre
and discontinuous fibre composites. Fibre orieamtifibre length and fibre matrix
adhesion play different important roles in the perfance of both continuous and
discontinuous fibre composites. The continuousefilm a composite offers a strength
and modulus properties in the fibre direction, whpblymer dominates the properties of

the composites in transverse direction to fibres.
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Polymer composites are manufactured in two states:first stage include

impregnation of the fibres by polymer, while the@ed stage includes consolidation
using melt blending process [Nat al, 1997; Ozkocet al, 2004; Seema and Kutty,
2006]. Uniform distribution of the polymer and tHi#dres are achieved by the
application of heat and pressure during the codattin stage. Therefore, understanding
of the polymer structure-property relationship afidre-polymer interactions are
important facts in order to achieve the desiredperties of the fibre reinforced
composite. In addition of the above facts, processistory of the composite structure

can controls the final properties of the composite.

2.14 Uncompatibilised PA6/ABS blends

There are a lot of literatures describing toughAé Blends with various type of
ABS. As already known, that PA6s are particulaniibit good strength and resistance
to hydrogen. PAG6 is also brittle as compared to ABBerefore, in order to retain
desirable properties from each blend constituemtsit blending is the answer. In
another word is reactive blending or reactive caibpesation. However, very limited
publications discussed on uncompatibilised PA6/AB&hds due to unfavourable final

properties.

Borg-Warner Chemicals introduced a new engineemiaggerial called Elemid®,
which was an ABS/PA alloy. ABS/PA has a synergistiprovement in impact strength,
modulus and excellent toughness at room temperaincethe blend was claimed to be
superior to polycarbonate, acetals, PBT, PC/ABS[/PB and PPO/PS. PA/ABS blends
have lower equilibrium moisture content comparedP#6. PA/ABS blends are also
resistant to aggressive agents like gasoline,raatig, diotyl phthalate, engine oil, brake

fluid, grease and cleaner/degreaser.
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Howe and Wolkowicz (1987) have studied the strestwind physical properties

of PA6/ABS near the midpoint compositions. Theyrfduhat the physical properties of
the blends were dependent on the fundamental grepaf ABS and PA6 components.
A sufficient interaction between the phases maeedtictility of ABS phase penetrated
into PA6 phase and reduced the notch sensitivitthef PA6 and lead to synergistic

enhancement of the Izod impact strength of thethlen

The uncompatibilised PA6/ABS blends study was edrdut by Bhaddwagt al.,
(1990). They have proved that melt flow index apdsity data indicated better physical
and flow characteristics in blends compared to m&&6. They also investigated the
thermal properties of the blends and observed hitetd ratios such as 50/50, 40/60,
25/75 and 15/85 of PAG6/ABS were more compatible comparison with other
compositions.

Lavengood and Silver (1987) investigated the eff@ftPA6/ABS composition
on properties using compatibilised alloys PA6 aiBRSAThey found that very high Izod
impact strength achieved over a broad range of ositipn, tensile and flexural strength
changed monotonically with composition. In ordeimprove the properties, Lavengood
and Harris (1998) cooperated with Monsanto Chem@ainpany introduced a based
blends of ABS and PAG6 with a trade name Triax. ABS8If contributes melt strength
and reduces the mould shrinkage, the blends tougharpolymer component. This first
generation of uncompatibilised blends produced ri@$ewith high Izod impact values,

but Triaxial stressed in thicker sections prectpiefailures in field applications.

Again, tensile and impact properties of uncomphbsied PA6/ABS blends have
been studied over the entire range of compositigriglamatet al.,(1997) and related to
the morphological investigation. The excellent nsetbal performance has been
observed when the composition was around 70% aisdctimposition was found to
have phase inversion resulting continuous morpholdgs a conclusion, without a
compatibiliser, PA6/ABS blends could achieve befpeoperties especially impact

properties with a proper combination, however, bitbd poor tensile properties.
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2.15 Compatibilised PA6/ABS blends

Several approaches to the reactive compatibilisatib PA/ABS blends have
been reported in the literatures (Majumedral, 1994). Aoki and Watanabe (1992)
studied the morphological, thermal and rheologigabperties of compatibilised
PAG6/ABS blends. Initial blends were simple mechahidends and as a result, some
rheological properties were anomalous at low cotmagon of each component. The
PAG6/ABS blends showed very high Izod impact streagbver a broad composition
range. In fact, the most important characteristit€ommercial PA6/ABS blends are
synergistic improvement in impact strength. In thetudy, maleic anhydride modified
ABS was used to improve the compatibility. Rheatagiinvestigation showed that
below 30 wt. % ABS the PAG6 is continuous phase; aimove 70 wt. % ABS the ABS
became a continuous phase. Therefore, the finglepties of the blends will always

dependent on ratio of its constituent.

Another PAG6/ABS blend systems were investigatedviiyra et al, (1993) on
the mechanical and morphological properties, atyltese-maleic anhydride (SMA)
copolymer was used as compatibiliser. They fourat, tthe strength, modulus, and
impact properties improved upon the addition of SMArther morphological studies
using small angle light scattering, polarizing roggopy and scanning electron
microscopy, showed that SMA surely acts as a cabifisér for the blend system.
Similar results have been done by Kim and Lee (L99®y have blended PA6 with
ABS using two different strategies; grafting SMAthviABS before blending with PA6
and grafting SMA with PA6 before ABS being meltrdied. Leeet al, (1997) studied
the effect of reactive compatibiliser [pdNHfohenylmaleimide—styrene—maleic
anhydride)] on the morphological changes of blesfd38A6/ABS blends as a function of
viscosity ratio of the components and concentratibcompatibiliser and the feed rate.
The blending process has been done by using ammieshing co-rotating twin screw

extruder.
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Kudva et al., (2000) have studied on the mechanical, morphoégand

rheological properties of compatibilised PA6/AB&ids. Two types of compatibiliser
were used; imidized acrylic (IA) and styrene/acyinle/maleic anhydride (SANMA).
They examined the mechanical properties, morphoégl/ rheology of the blends as a
function of processing history. They found thatl&s miscible with SAN phase in ABS
polymer, but SANMA was not fully miscible with SAphase in ABS. However, both of
compatibiliser improved the toughness of the bleasisuper-tough materials at room
temperature using broad range of compatibiliserterts. Furthermore, when the
parameter of processability and processing hist@ne considered, the blends based on
SANMA terpolymer had more desirable properties thanse blended with IA.
Previously, studied on glycidyl methacrylate/methylethacrylate (GMA-MMA)
copolymers as a compatibiliser showed that the etimipser failed to improve the
mechanical, morphological and rheological propsrig PAG6/ABS blends (Kudva,
1998). They also found, GMA-MMA caused of poor AB8spersion due to
disfunctionality of the PA6 end groups with respé&xtthe epoxide group of GMA,

which leads to crosslinking-type reactions.

Kudvaet al., (2000) also studied the morphological, rheologarad mechanical
behaviours of the blends of PA6 blended with foypet of ABS over a range of
compositions using IA as a compatibilising agena dixed percentage about 5 wt. %.
They found that ABS which is low melt viscosity hasnonodispherse population of
butadiene rubber particles generated blends wigiersar low toughness compared to
those with broad patrticle size distributions anghbr viscosity. However, using very
small (0.5 wt %) amount of IA on the fixed ratio BfA6 to ABS blends resulted

generating super tough materials.

Araujo et al., (2003) studied the compatibilisation of PA6 witlB& using
poly(methyl methacrylate-co-maleic anhydride) [MMWA] as a compatibiliser. This
MMA-MA has PMMA segments that appear to be miscimith the SAN phase of ABS
and the anihydride groups can react with amine gnodps of the PA6 to form graft
copolymers at the interface between PA6 and ABIS pitase. Tensile and impact were
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enhanced by ABS domains were finely dispersed i Rratrix and led to the lowest

ductile-brittle transition temperatures and highiegbact properties. They reported that
the MMA-MA became an alternative compatibiliser.eyhalso conducted another study
using different compatibiliser, poly(methyl methdate-co-glycidyl methacrylate)
(MMA-GMA). They found, the incorporation of the MM&MA copolymer did not
promote effective toughening of PA6/ABS. They betig due to the crosslinking-type
reactions of this copolymer with both the acid &nel amine groups of PA6 and ABS
hindered the domains dispersion of ABS in PA6. Mas$ not the case if the addition of
MMA-MA copolymer to PAG6/ABS blends, that significdyr improved the impact
properties and mechanical properties due to betteraction between two phases
(Araujoet al, 2003).

A study by Monsanto (Lacasse and Favis, 1999) omrrphwogical and
mechanical of PA6/ABS blends. Their study on thenposition examined the impact
strength performance of ABS/PA6 for an optimizedeiface fully saturated with
compatibiliser. The maximum impact strength is otgd at a composition of 50 wt. %
ABS for a system prepared using 10 wt. % of modifimsed on the dispersed phase).
The scanning electron microscope demonstrates theempce of a co-continuous
morphology at this concentration. This impact sjthnis fifteen times greater than
polyamide-6 and four times greater than ABS, dermatisg exceptional synergistic
effects.

Jang and Kim (2000) have studied on thermal, mecaband water absorption
properties of the blends of PA6 and ABS with anthaiit MA as a compatibiliser. They
found that the incorporation of MA in the PA6/AB$stems enhanced considerably the
mechanical properties such as tensile, impact,ufidx strength and hardness. A
synergistic effect in the tensile and flexural prdmes was found when the weight
fraction of ABS was about 20%. However, there wassignificant effect on thermal
properties such as melting and degradation tempetatind on water absorption
properties. They found only the tensile and flekuvare improved by the addition of
MA into PA6/ABS blends.
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Seung and Kim (2000) investigated the thermal, raedal and water

absorption properties of PA6 and ABS copolymer wéhd without MA as the
compatibiliser, MA. They found that tensile and Bup properties, hardness, heat
deflection resistance and dimensional stabilityevenhanced by the incorporation of
MA. Again, synergistic effects were observed fonsite elongation and flexural
properties. However, the melting temperature aneérntlal stability were not

significantly affected by the incorporation of MA.

Giusti et al., (2003) reported the morphology and mechanical gntegs of PA
6/ABS blends compatibilised with functionalisedydicrcopolymer. They explained that
the incorporation of ABS is somewhat similar toepéndently dispersing rubber and
rigid phases in the PA6 matrix; the rubber phasgraved low temperature toughness to
the blend, while the rigid phase provided stiffnelss their work the poly (methyl
methacrylate-co-maleic anhydride), MMA-MA, was usedompatibilise the PA6/ABS
system. The binary blend (70/30) was brittle att@thperatures. Ternary blend with 5
wt. % of MMA-MA became super tough with impact sigéh values of above 800 Jm
and the ductile brittle transition temperature V84€. The tensile properties such as
tensile yielding and modulus did not change sigaiftly with compatibiliser addition.
However the elongation at break improves from 246 rhore than 100% with the
addition of 5% of MMA-MA in blend. Previously, Olisand Nishi (2001) did similar
study on morphological and mechanical propertiesP86/ABS, which focuse on
investigation of lzod impact strength, and SAN m@md copolymer (SAN) and
polyarylate (PAr) block copolymer were applied aseactive compatibiliser. Chiu and
Hsiao (2004) have studied the effect of incorporaf?OE-g-MA as impact modifier on
impact strength of PAG6/ABS blends and their resdt®wed that ABS particles
dispersed uniformly in the PA6 phase and improwedinterfacial bonding of the blends

resulting a drastically improvement of impact sgn

Sunet al, (2005), used epoxy-functionalised ABS as conbydester and modifier
for PAG6/ABS blends. This study showed the morphiglaigobservation that crosslinking

reactions existed in the blends and resulted irfdiraation of grafted copolymer at the



51
interface, which promoted the dispersion of the aninphase and inhibited

agglomeration. In other words, the tensile and ichgaoperties of the blends were
improved. A different compatibiliser and differagpe of PA6 were used in this similar
method study (Laget al., 005)). They blended polybutadiene-g-maliec antugd(PB-
g-MAH) into nano-PA6/ABS blends and found that thepact strength slightly
increased as compared to PA6/ABS blends. Theseepmacies were attributed by the
degree of reaction sites amine end group at nar®d»8 PA6 and the rigidity of clay in
deteriorating toughness, which is nano-PA6, haddrigeaction sites. Wanet al.,
(2003) studied the PAG/ABS blends by using dynavoicanization of PA6/SAN/NBR
blends. This was the new method of compatibilisatbPA6/ABS blends and resulting

to the improvement of the toughness of the blends.

Fengmei Chenget al., (2006) studied two different type of compatibitise-
maleic anhydride-grafted polypropylene (MAP) antidsepoxy resin (bisphenol type-
A) as compatibiliser for PA6/ABS blends. The reswihowed that the addition of epoxy
and MAP into PA6/ABS blends has enhanced the cabifigtof PA6 and ABS blends,
and this led to the improvement of mechanical prioge of the blends and reduced the

size of the ABS patrticles in the PA6 continuousggha

The rheological study of PA/ABS is very importantarder to understand the
relationship between properties of the materiabteetind after processing. It also helps
the researchers to understand the right applicatidghe material. However, most of the
rheological study particularly focused on the rielaghip between the reactions that take
place during blending process and the viscositieats of on the relationship between
processing and flowability. All of the rheologicatudied reported found that the
viscosity of the blends tend to increase with iasmeg of compatibiliser. Currently,
there are very few reports on rheological propsroé PA/ABS. Jafaret al., (2002)
investigated the rheological properties of the B&where the composition of PA6 was
about 50 wt. %. The blend exhibited co-continuowgcture and the viscosity and the

elasticity was increased to be due to ABS has niigher viscosity than virgin PAG.
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The also found that the increase of viscosity wassed by rubber particles in ABS

phase.

2.16 Ternary Blendsof PA6/ABS

The discussion of ternary blending of PA/ABS blendih reinforcement started
two decades ago. Tjong and Jiang (2004) studiedttiaeture-property relationship of
ternary PA6/ABS/liquid crystalline polymer (LCP) epids compatibilised with
anhydride-grafted polypropylene (MAP). They fouhdttthe incorporation of MAP and
epoxy resin compatibiliser into PA/ABS/LCP blend piraved its tensile strength,

stiffness and impact toughness considerably.

Sawhneyet al., (1996) studied the effects of thermotropic liqud/stalline
polymer (LCP) as a third component as well as ocegagdment filler to commercial
compatibilised PA6/ABS blends (Triax 1180). Thewditd the effect of LCP on
mechanical and morphological properties of Triax8A1Ilt was found that the
incorporation of LCP enhanced the mechanical ptoggeof the blends and 15 — 20 wt.
% was the appropriate level of LCP for self reiofng blends. They also found that
processing conditions play a vital role in deterimgnthe mechanical properties and

morphology of the polyblends.

Lai et al., (2003) investigated the impact behaviours of nkxodilled PA6
(Nano-PAG6) blended with ABS and mixed with metadipe polyethylene grafted maleic
anhydride (POE-g-MA) as compatibiliser. They fouthét impact strength increased
slightly for compatibilised nano-PA6/ABS blend sst and increased remarkably for
the conventional PAG6/ABS blends. These discrepancieuld be attributed by a

different degree of available reaction sites framree group on Nano-PA6 and PAG.
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Meincke et al., (2004) studied the ternary blends of PAG6/ABS witirbon

nanotubes as reinforcement, which were prepared) wsi-rotating twin screw extruder.
The transmission electron microscopy (TEM) showeat the carbon nanotubes were
well dispersed homogeneously in the PA6 matrix @artbon nanotubes were selectively
located in the PA6. Consequently, the carbon nédmstublends showed superior
mechanical properties in the tensile tests andaad hotched impact tests as compared

to without nanotubes.

2.17 GlassFibreReinforced Polymer Composite

2.17.1 Introduction

Glass fibre reinforced polyamides are widely usedany applications, such as
stressed functional automotive parts (fuel injectiails, steering column switches) and
safety parts in sports and leisure (snowboard bgg)i These materials are known for

their stiffness, toughness and resistance to dyn&atigue.

Fibre reinforced thermoplastics compounds may lmegesed by conventional
methods, such as injection moulding, and offer mepment in mechanical properties
over unreinforced ones. These composites compdte metals in many engineering
applications because of their ease of fabricatiight weight and economy. However,
there are problems concerning material defects sschoids or cracks that may be
present or initiated in one of three regions: thatrim, the fibre or the fibre/matrix
interface (Akayet al, 1995). Therefore, the thermoplastic compositegaining short

fibres have become the subject of much attentidve. gresent of thermoplastics in the
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composite reduce the void and prevent the crackfiwadly improve the mechanical

properties. These properties are resulted fromnagbamation of the fibre and the matrix
properties and the ability to transfer stressessacthe fibre/matrix interface. It is also
depend on the injection conditions such as scredw barrel parameters, mould
temperature and design (Taketjal, 1996; Guerrica-Echevarret al, 2001; Oteet al,
2005; Gu’'Lu’et al, 2006).

According to the studies led by Thomason (1999) &héo-Yun Fuet al.,
(1996), other variables such as fibre ratio, di@mmetength, orientation and the
interfacial strength are also prime importanceh®final properties of the thermoplastic
composites. Therefore, the final properties coddnfluenced by many factors during a

composites preparation, processing and finallyagp@ications.

2.17.2 Glass Fibre Reinfor ced Polyamide Composites

There are several studies of glass fibre reinfopmggamide composite that will
be discussed. Shao-Yun Etial, (2006) studied the effects of incorporating shybess
fibre reinforced on various PAG6,6/PP ratio and ermioughened PAG6,6/PP blends. The
glass fibre content was fixed at 40 wt. %. The pwy blends containing various
PAG,6/PP ratios, plus a mixture of 10 wt. % styrazthylene—butylene—styrene (SEBS)
and 10 wt. % maleic anhydride (MAH) grafted SEBEBS-g-MAH). Two types
(123D and 146B) of E-glass fibres were used to éxarthe influences of PA6,6/PP
ratio on the mean fibre length and critical fibemdth and in turn on the mechanical
properties. The PA6,6/PP ratio was found to hagaitant effects on both the mean
fibre length and the critical fibre length in thedl samples, and then on the mechanical
properties. It was shown that the composite stremmgireased while the elastic modulus
decreased with increasing PA6,6/PP ratio. The albmig at break was higher for the
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glass fibre-reinforced SEBS/SEBS-g-MAH toughene®BAABS blends than for glass

fibre-reinforced toughened PA6,6/PP composites. él@n, the notched Charpy impact
energy of the reinforced blends at 75/25 of PA@6rRtio was exhibited to be higher
than the reinforced rubber-toughened PAG6,6/PP cqitg® It was concluded that
control of the PA6,6/PP ratio would be effectiveyw® produce composites with

optimal combination of superior overall mechanimaperties.

Benderlyet al., (1998) studied on dynamic rheological behaviouPBIPAG6/GF
blends. The results indicated that the additiorP86 to PP increased the principal
relaxation time of the binary blends and additidnG¥ to the blends gave further
increase in the principal relaxation time. Malcheval., (2005) studied an immiscible
PE/PAG thermoplastic and added to a conventiorat $ibre reinforced and investigate
the effect on the mechanical properties. The resllbwed unexpectedly higher values
of the tensile modulus of the ternary compositds/PR6/GF) as compared to without
glass fibre. However, the upper limit of the ‘apphility’ of the material was
determined by the melting point of the minor comgran A simple model was derived
to describe the mechanical properties of the coitgpggree phase system) because
DMA model developed for the two systems failed &satibe the mechanical data for
the whole range of measured temperature. The simptiel showed a good agreement

with the experimental data.

2.17.3 Glass Fibre Reinforced PA6/ABS composites

Study on mechanical and morphological propertieSGF reinforcement PA6
and ABS blends was started by Kannan and Misra4)19bhey investigated 70:30
blend of PA6/ABS as a matrix and styrene-graftedemaanhydride (SMA) as a

compatibiliser, and the composition was kept toualiH% by weight. The mechanical
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properties results showed an improvement with tiwtian of GF to the blends matrices

and increased with increasing GF content. Howaber SMA has no significant effect
on the mechanical of PA6/ABS composite and onlycfampatibilising purpose for PA6
and ABS phase. The SMA increased the viscosityheflilends and results a greater
damage to the fibres in the composite. They cordutthat the fibre matrix adhesion

appears to be better in the absence of SMA.

Nair et al., (1997) studied the fracture resistance of fibiefoeced PA6,6/ABS
composites. They discovered that GF promoted shieltling and as a result, enhanced
both the fracture initiation as well as fracturegmgation resistance of PA6,6/ABS
composites. They also found that the role playe&Byin the composites to be critically

related to fibre/matrix interfacial strength.

The introduction of rubber phase into PAG, resgltinreduction of the strength
and stiffness. GF became a right reinforcemerdrfiib be introduced in order to restore
the mechanical properties of PA6/ABS blends. TlweefCho and Paul (2001) studied
GF reinforced PA6 composites toughened with ABS atid/lene-propylene-rubber-
grafted-maleic anhydride (EPR-g-MA) as a compasibil They investigated the
mechanical properties and morphology of the contessiThe mechanical properties
showed that the balance of the impact strengthsgiffdess for both types of systems

can be significantly improved by incorporation df.G

The mechanical performance of GF reinforced polyswnposites depend not
only on the properties of individual components &isb on the interfacial interactions
established between the reinforcing agent and thteomaterial (Frenzett al., 2000;
Lauraet al., 2002; Bikiariset al.,2001). Therefore Seema and Kutty (2005) studied th
effect of an epoxy-base bonding agent on the mécdlaproperties of short PA6 fibre
reinforced ABS composites. They found that epoxsirrdoecame a good interfacial-
bonding agent resulting in increasing the moduhgtansile strength with increasing of

the composition of the resin.
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GF reinforced PA6/ABS composites can be conside®da new composite

material therefore, the processing properties @&y important. Ozkoet al., (2005)
studied the effects of SGF concentration and extnusonditions, such as the screw
speed and barrel temperature profile, on the mechlaproperties of the composites.
Increasing the SGF concentration in the ABS mdumn 10 wt. % to 30 wt. % has
resulted in improving tensile strength, tensile diekural moduli, but drastically

lowered the strain-at-break and the impact strength

However, very limited numbers of researchers heaied out the study on
processibility and flowability of the GF reinforcd@dA6/ABS composites. Thus, the
study on the rheological properties is consideredd important. Understanding the
rheological properties can help the polymer tecbgist to predict the processing and

end use performance of the PA6/ABS composites.



CHAPTER 3

METHODOLOGY

3.1. Introduction

The preparation steps as shown in Figure 2.1, weebldrying of all the raw
materials followed bymechanically mixed to form polymer blends and cosmes:
uncompatibilised PA6/ABS, compatibilised PA6/ABSdaS8GF reinforced PA6/ABS
composites. The blends were injection moulded donf standard test specimens.
Tensile, flexural, impact and dynamic mechanicallgser (DMA) were carried out to
study the mechanical properties of all the materieither in static and dynamic
conditions. Differential scanning calorimetry (DS®as conducted to investigate the
thermal properties. The most crucial or significpatt of this work is the rheological
study. The rheological properties were investigateidg melt flow index, capillary and

oscillatory rheometer.
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Figure 3.1: Research Flow chart




3.2. Raw Materials

3.21 PA6and ABS

60

Both super high impact ABS (100-X01) and PA6 (Amil&€M1017) were
Bhdey'hwere originally in the pellet

supplied by Toray Plastics (Malaysia) Sdn.

form. Their materials properties are listed in EaBl1 and Table 3.2 respectively.

Table 3.1: Material Properties of Super High Intp&BS (100-X01) (Toray Industries,

2006)

Typical Resin Properties Unit Value Test Method
Specific Gravity - 1.04 ASTM D792
Water absorption at 23°C after 24 hours % 0.3 ASIBT0
Melt Flow Rate at 220°C (10kg ) g/10min 14 ISO 1113
Tensile Strength at Yield MPa 42 ASTM D638
Tensile Elongation at Break % >50 ASTM D638
Flexural Yield Strength MPa 64 ASTM D790
Flexural Modulus MPa 1960 ASTM D790
Notched Izod Impact Strength (23°C) J/im 274 ASTMNGB?2
Rockwell Hardness R scale 108 ASTM D78b
HDT at 18.56 kg/cm? °C 91 ASTM D648
Thermal Conductivity W/K.m 0.15 ASTM C177
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Table 3.2: Material Properties of PA6 (Amilan CMT( (Toray Industries, 2006)

Typical Resin Properties Unit Value | Test Method
Melt Flow Index at 230°C (2.16kg) g/10 min 35 ISQB1
Specific Gravity - 1.13 ASTM D792
Water absorption at 23°C after 24 hours % 1/8 ASIBT0
Tensile Strength at Yield MPa 85 ASTM D638
Elongation at Yield % 7 ASTM D638
Elongation at Break % 150 ASTM D638
Flexural Strength MPa 120 ASTM D790
Flexural Modulus MPa 3000 ASTM D790
Notched Izod Impact Strength J/im 50 ASTM D256
Rockwell Hardness R-scale 119 ASTM D78%
Compressive strength MPa 85 D695
Temperature Melting Point °C 225 DSC Method

3.2.2 Compatibiliser

In this study, the compatibiliser was obtained frBolyram, Ram-O Industries

Limited with a brand name Bondyram® 6000. This catiipliser is a maleic anhydride

grafted ABS (ABS-g-MAH) recommended as couplingrdder styrene compound and

composites with glass or other minerals. The medex and density of compatibiliser
are 8g/10min (at 220°C and 2.16kg load) and 1.681t¥espectively.
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3.2.3 Short Glass Fibre (SGF) Reinfor cement

Glass fibres were obtained from Taiwan Glass IréessCCorporation, named as
chopped strand TG183 with a filament diameter giimi0and an average length of,
3.2mm. These fibres were provided by manufactui#r & propriety surface condition
deemed to PA6. This SGF is an E-type glass fibre.

3.3 Samples Preparation

3.3.1 BlendsFormulation

The basis of formulation was based on the percentagjght ratio between
PAG6 and ABS, PAG6/ABS blends with ABS-g-MAH and caatipilised PAG6/ABS with
short glass fibres. The weight ratios of blendssirown in Table 3.3 (a) - (c).

Table 3.3 (a): Blends formulation for polyamider@laABS blending process without

compatibiliser.

Designation PAG6 (%) ABS (%)
50PA650ABS 50 50
60PAG640ABS 60 40
70PAG630ABS 70 30
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Table 3.3 (b): Blends formulation for polyamider@&aABS blending process with MA-

g-ABS as compatibiliser.

No. PAG (%) ABS (%) ABS-g-MAH (%)
1 49.5 49.5 1
2 59.4 39.6 1
3 69.3 29.7 1
4 49 49 2
5 58.8 39.2 2
6 68.6 29.4 2
7 48 48 3
8 57.6 38.4 3
9 67.2 28.8 3
10 475 475 5
11 57 38 5
12 66.5 28.5 5

Table 3.3 (c): Blends formulation for compatibitisBA6/ABS blends and SGF blending
process

No Compatibilised PA6/ABS (%) Short Glassfibre (%)
1 100 0
2 90 10
3 80 20
4 70 30

3.3.2 Preparation of Blends

The PA6, ABS and MA-g-ABS resins were obtainedhia form of pellets. To

remove moisture, PA6 was dried in a hopper dryé0atC for 24 hours whereas ABS
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and ABS-g-MAH were dried for 6 hours at 85 °C irczvam desiccators for not longer
24 hours before blending. This is an important $tefore processing. All the materials

were premixed in sealed container and shaken migrfaab minutes.

3.3.3 Melt Extrusion Blending

PAG6 and ABS blends were prepared according to Taldga), (b) and (c). All
the raw materials were blended using Brabendeti&ader 2000, counter-rotating twin
screw extruder with L/D = 36 at a speed of 80 rpmd ¢he temperature profile was
220/230/240/25WC for the barrel zone temperatures. Then, theudgt strands were

air-dried and palletised.

3.3.4 Injection Moulding

After the blends were compounded, the blends wgeetion moulded using an
injection-moulding machine, JSW Model NIOOB II. &Imoulding machine was first
preheated and each blend with the stated blendutations were injection moulded into
the mould. The barrel temperature ranged from 2&29°C. The temperatures of the
four zones of the injection moulding were: feede@20°C; compression zone 23C;
metering zone 240C and die zone 250C. All the pallets were dehumidified in a

hopper dryer (82°C for 24 hours) and stored inabagors for 24 hrs before testing for
the relevant test.
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3.4 Mechanical Testing and Analysis Procedures

In this research, only three compositions of PA6eanshosen and blended with
ABS that was 50, 60 and 70 wt. %. This is becaeserding to, Aoki and Watanabe
(1992) and Lacasse and Favis (1998), the maximuchamical strength of PA6/ABS
blends could be obtained as compared to its caestitpolymer at the PA6 composition
about 50 to 70 wt. %. Lacasse and Favis (1999) haperted that 3 wt. % of
compatibiliser concentration in blends was enougltathieve a uniform diameter of
dispersed phase and potentially to have high impemperties (Kudveet al., 2000).

Therefore, the composition of compatibiliser waesdn in a range of 1 — 5 wt. %.

341 TenslleTest

Tensile testing was carried out according to ASTN3B-Type | at room
condition on an Instron Universal Tester. The spen was pulled at crosshead speed
of 50mm/min. The instrument software calculate@ troperties such as tensile
strength, Young modulus and elongation at breakn fthe stress-strain curves. In this

research, five tests were carried out for eachdosample and average reported.
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3.4.2 Flexural Test

Determination of flexural modulus is important teeccome certain practical
problem in measuring tensile strength of thermdjulasn brittle region. Flexural testing
determines the strength of the material when aefascapplied perpendicular to the
longitudinal axis sample. In this section, fleXuest was carried out using an Instron
Machine according to ASTM D790-97 (Test Method hdedure A).

Since the modulus was determined between smabHlidiéflections, a low force
load cell (100N) was used to ensure good accurdégxural tests were carried out
using a simple supported beam. The distance batiteespans is 100 mm and a cross-
head speed of 3 mm/min was used. The test wagdarut at room temperature. In
this research, five samples were tested for eaafposition and average values were
recorded. Flexural toughness was calculated ftweratea under the stress-strain curve.

The calculation for flexural modulus and strengtlas follows:

3
Flexural modulus =ﬂ 3.1
4bd°AS
3wL
Flexural strength = 3.2
g b (3.2)

whereW is the ultimate failure load\], L is the span between the centre of suppuo)t (
b is the mean width of the specimems),(d is the mean thickness of the specimens of

the sampler(), w is the increment in loadNj andSis the increment in deflection.
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3.4.3 lzod Impact Test

The 1zod impact test was conducted according toAB&M D256-93 standard
test method to determine the pendulum impact asist of notched specimens for
plastic. The test method covered the determinatibrihe resistance of plastic to
breakage by flexural shock as indicated by thegnextracted from standard pendulum
type hammers. 1zod tests were done at room teryperaith the conditions as follows:
Hammer energy = 7.5J, Velocity = 3.0 m/s and Argl&50°. The notch was milled
with a 45° angle and 2.5 mm depth with an Automblidcher Machine. In all cases,

five specimens of each were tested and averages/alare reported.

3.4.4 Dynamic Mechanical Analysis

The dynamic mechanical properties were measureagu$terkin—Elmer
Dynamic Mechanical Analyzer (DMA 7e, in flexural de The device applied a
continuous sinusoidal oscillatory deformation oe tample and measured the force
required to produce specific oscillation amplitudéde moduli were derived from the
value of this force and its phase difference wibpect to the deformation. These are the
elastic (storage) modulug’, and viscous (loss) modulug;’, terms of the complex
dynamic tensile modulus of a viscoelastic matesrad dynamic mechanical tah All

these data were taken as analysis data.

The temperature was raised at a constant rate ©ibA, from 25°C (room
temperature) to 220°C (just above the melting poihthe PA6 phase, .. The
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frequency of the applied oscillations was 1 Hz dreldeformation amplitude was set to

5 um ([0.05% strain). Data were collected every one deGedsius.

3.5 Differential Scanning Calorimetry (DSC)

There are three set of samples with the set ofer@oegnposition were prepared
for DSC analysis besides that of the virgin PA6 &B5: uncompatibilised PA6/ABS
blends, compatibilised PA6/ABS and short glassefil@inforced PA6/ABS composites.
These samples were investigated under nitrogerg UStBC7 device (Perkin Elmer).
Heating and cooling rates approximately 10 mg sampre 10 K min from 25°C to
300°C. The curves were analyzed as follows: Thesgleansition temperatur@gj was
taken as the average of the intersection pointe@extrapolated lines before and after
transition, respectively, with tangent at the pahtreturn at the rising curve. Melting
(Tm) and crystallisationT;) temperatures were taken as the temperaturese ghethk
heights. The heat was calculated from the areasruhd curves as integrals between the
onset points of the corresponding peaks. The he@selated to the masses of the

components in the material according to their cositpm.

For the nonisothermal experiments, the enthalpfusibn, A4 was determined
through Pyris software by analyzing the meltingahdrmic. The percent crystallinity

will be calculated from the following equation:

AH
% Crystallinity =—————x 10( (3.3)

polyme! f

AH?is the enthalpy of 100% crystalline polyamide 6 amg, ., is the mass

where

fraction of the polymer. Equation (3.4) represemtsormalisation of the enthalpy such
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that the changes in percentage of crystallinity lsmsed on the amount of polymer
present in PA6/ABS blends and composite. The oisstte beginning of the melting
endothermic, and the width represents the diffexen¢emperature between the end and
onset of the endothermic. All the enthalpy of fuisemd glass transition were obtained at
a second heating of DSC curves. All the importaatador analysis and calculation i.e.
melting temperature, glass transition temperateat of fusion were taken at second
heating run. First heating run was carried for glation of history of memory in the
samples and its raw data was used to compare hetlddata of second heating run. All

testing were carried three times, to confirm th@educibility of the results.

3.6 Rheological Testing and analysis

3.6.1 Capillary Rheometer

Rheological analysis of the various blends wasgperéd using a Rosand Dual
Capillary Rheometer at Technical Service LaboratBglyethylene (M) Sdn. Bhd. The
picture of the machine is shown in Figure 3.2. Rasand software is capable of
measuring rheological data at up to sixteen diffeshear rates during one test. One
barrel housed a ‘zero’ length die and the othétted with a long 16mm die of diameter
1mm, the calculated rheological data results agieBecorrected. Rheological data were
recorded for all the blends over a wide shear ratge of 10 to 3000 sedo replicate

both extrusion and injection moulding conditions.



Figure 3.2 : Picture of Rosand Capillary Rheoméitechnical Service Laboratory,

Polyethyelene (M) Sdn. Bhd. Kertih, Terengganu.
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3.6.2 Rotational Rheometer

Small-amplitude oscillatory shear measurements wermrmed on a Rheostress
TC501 in parallel-plate geometry at Technical Ssrviaboratory, Polyethylene (M)
Sdn. Bhd. The picture of the machine is shown igufé 3.3. The resin pellets were
melting pressed. The round samples with 25 mm demend 1.5 thickness were
prepared using compression moulding at 270°C forir6 under 5x19Pa. The picture
of compression moulding for the sample preparai®rshown in Figure 3.4. The
samples were further pressed under 18FDfor another 5 min and cooled using a cold
press. The measurements were then run using tirmepsmethod under 0.01 rad/s over
one hour to check the thermal stability the bleadd pure polyamide. After that, the
dynamic rheological testing perform under frequesageps ranging from 0.05 to 100
rad/s, using strain and stress values determinelie tavithin the linear viscoelastic
region. The frequency sweep measurements weredat under nitrogen atmosphere
at three different temperatures: 230, 245 and 26@iCthe frequency sweeps testing
were repeated at least three times to confirmepeoducibility.
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Figure 3.3: Picture of Rheostress TC501 at Techideavice Laboratory, Polyethylene
(M) Sdn. Bhd. Kertih, Terengganu
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Figure 3.4: Picture of compression moulding machioepreparation of dynamic

rheological specimens

3.7 Fourier Transform Infra-Red (FTIR)

Fourier Transform analysis were performed on a iReBtmer Spectruml for
virgin PA6, ABS-g-MAH and compatibilised PAG6/ABS dnds to confirm the
occurrence of grafting reaction between amine endgof PA6 and maleic anhydride.
The ratio between the sample and potassium bro(iBe) was at about 1: 1000 prior
to compacting into this pallet using 8 tones fongdraulic press at 5 minutes. Infrared
spectrums were obtained in transmission and wertosgperate in the range of 360 —
3600 cnf-
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3.8 Scanning Electron Microscope (SEM)

Scanning electron miscroscope (SEM) at Ibnu Siaauky of Science of UTM
was employed to study and record the morpholodyaature surface of the blends. The
fractured surface was obtained by breaking theismats under nitrogen liquid. The
fractured surfaces were then sputtered with titaniin vacuum and surface
characteristics were studied. These micrograph® v@ealysed using image analysis

software.



CHAPTER 4

RESULTSAND DISCUSSIONS

4.1 Mechanical Properties

4.1.1 Tensile Properties of PA6/ABS Blends

In this study, three compositions of PA6 were chasebe blended with ABS
that is 50, 60 and 70 wt. %. This is because aaugnd, Aoki and Watanabe (1992)
and Lacasse and Favis (1998), the maximum mecHasiicngth of PAG6/ABS
blends could be obtained as compared to its caoestit polymer at the PA6
composition about 50 to 70 wt. %. Wang and Li (208dported that pure PA6
possess a tensile strength to about 70MPa andldhgation at break over 160%
while Howe and Wolkowicz, (1987) reported that tihreompatibilised PA6/ABS in
any ratio have poor values. The compatibilisatibowever, can be improved by
introducing ABS-g-MAH, because of the similarity cain structure; ABS-g-MAH
is miscible with ABS in all proportions. Maleic aydride (MAH) reacted with free
terminal amine end group of PA6, which made ABS-§HWa good compatibiliser
between PA6 and ABS. The possible chemical reagighown in Figure 4.1.
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It can be seen from Figures 4.2 and 4.3 respeygtibalt the tensile modulus

and strength increased with the amount of ABS-g-MAHis is believed could be
due to the compatibiliser enhanced the interfaaitlesion between PA6 phases as a
continuous phase and ABS as a dispersed phaseldayiggafting reaction. The low
tensile properties were found with the absent ahpgatibiliser but achieved a
maximum level when the amount of compatibiliser \masut 1 wt. %. These low
tensile properties of the uncompatibilised blends be related essentially to the
larger size of ABS domains with a poor adhesiorth® continuous phase. These
domains will act as gross material defects, caugregiature rupture of the specimen
soon after the beginning of yield. The maximum leatel wt. % of compatibiliser
could be due to enough amount of maleic anhydedeted with amine end group of
PA6 as compared to 3 and 5 wt. %. This analysis i@greement with the FTIR
finding and will be discussed in FTIR Section 4Also, at 1 wt. % composition of
ABS-g-MAH, the degree of crystallisation is the lnggt among the blends (see
Figure 4.14). This indicates the mechanical properspecially strength depends on
the degree of crystallinity of the blends

However, when the amount of ABS-g-MAH was about t3 %, the tensile
modulus and strength decreased with the increamimgunt of compatibiliser and
seemly achieved a constant value beyond this pdims phenomenon could be due
to the dilution of the hydrogen bonds among PAGtly segments of ABS, and
because of the repulsion between the polar segn@nf3A6 and acrolynitrile
segments in ABS. After this point (3 wt. % of coripéiser) the dilution and
repulsion took place and at the same time, graftvag formed during blending to
balance each other. Thus, it was found that theileermodulus and strength

considerably achieved a constant value.
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Figure 4.4 shows the elongation at break of PA6/AB$Hds as a function of

the amount of compatibiliser introduced into theerlls system. For the
uncompatibilised PA6/ABS blends as expected haoweer value of elongation at
break. When compatibiliser ABS-g-MAH was introducede PAG6/ABS system

showed an increasing in elongation. The elongatiobreak for all blends began to
achieve the constant value beyond 3 wt. % of ABSAJH composition. It seems

that the incorporation of ABS-g-MAH did not improwauch on the toughness of the
blends. Even if, it was expected that ABS-g-MAH @fhicontains butadiene rubber
particle enhanced the ductility of the blends.
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4.1.2 Flexural Properties of PA6/ABS Blends

The flexural properties of PA6/ABS blends are gdtagainst the amount of
ABS-g-MAH as a compatibiliser in Figure 4.5 and ,4.&spectively. The
compatibilised blends showed a higher flexural nhasluvalues than the
uncompatibilised blend over an entire range of catibpiser contents, except at 70
wt. % PAG. This is believed to be due to sufficiantount of anhydride function in
ABS-g-MAH to react with amine end group in PA6 torh a bridge between PA6
phases and ABS phases. From this result, it castemed that the present of ABS-
g-MAH could reduce the interfacial tension thus;reased the adhesion between
PA6 and ABS phases. However, the un-linear efféctompatibiliser compositions
is believed to be due to the uneven reactions wasreed in the blends between
amine end group of PA6 and maleic anhydride (Kuetval. 2000). At 5 wt. % of
ABS-g-MAH compositions, there was a slightly redoitin flexural modulus and
strength. This reduction is not in agreement witl tensile modulus and strength
results, which was discussed earlier in sectionl4.During the incorporation of
ABS-g-MAH into PA6/ABS blends, ABS component in coatibiliser tends to
agglomerate within ABS phases, and resulted phrtiahleic anhydride reacted with
PA6. This effect consequently reduced the properdie compared to 3 wt. % of
compatibiliser. This also could be due to repulstdrpolar segments of PA6 and
acrylonitrile segments in ABS. Consequently, mohage separation occurred as

compared to lower concentration of ABS-g-MAH.



2.8

2.4

2.0

1.8 -

1.6

Flexural Modulus (GPa)

1.4 +

1.2 4

1.0

81

—4—50PAG6 50ABS
—li—60PAG 40ABS
=s—=70PA6 30ABS

'
=

1 3 5
Amount of ABS-g-MAH in the blends (wt. / wt. %)

Figure 4.5 : Effect of compatibiliser compositiom flexural modulus of PA6/ABS

blends.

300

290 A

280

270

Flexurale Srenath (N}

220 A

210

200

260 -

250 A

240 A

230 A

—4—50PA6 50ABS
—fli— 60PAG 40ABS

== 70PAG 30ABS

} . } . |
1 3 5
Amount of ABS-g-MAH in the blends (wt. / wt. %)

Figure 4.6 : Effect of compatibiliser compositiom flexural strength of PA6/ABS

blends



82
4.1.3 Impact Properties of Polymer Blends

The notched Izod impact strength of virgin PA6 #&RIS were measured at
about 4.4 and 24.9 kJfnrespectively. The lower notched impact strendgtRA6 is
owing to the poor mobility of the segments resulfedn high crystallinity as
compared to virgin ABS. The Izod impact strengtiisthe uncompatibilised blends
were lower than those of the virgin PA6 at any cosifpon of ABS. When the ABS
was increased to a certain amount, the blends iathibigher level of Izod impact
strength as the virgin PA6. Figure 4.6 shows thegaich energy absorption properties
of PA6/ABS blends as a function of the blends cositponm and the amount of ABS-
g-MAH copolymer added. For the uncompatibilised &S materials, as
expected, there was a continuous increased in t@sghwith ABS content since the
amount of rubber in the system was also incredsetihe absence of ABS-g-MAH
compatibiliser, addition of ABS led to minor tougiy, whereas with

compatibilisation, there was a significant tougingni

The introductions of ABS increased the proportibthe amorphous part and
increased the mobility of the segments, also higfinen the uncompatibilised blends.
Also with an adequate amount of ABS-g-MAH, the lzodpact strength of
PAG6/ABS blends were slowly improved at all PA6 lsncompositions. This
indicates a direct enhancement of interaction betwamine group on PA6 and
anhydride group in compatibiliser. In other word8S-g-MAH again increased the
adhesion at interfaces of different domains, ardliced the repulsion among the
segments of PA6 and ABS. Therefore, as shown inrgigh.2, 4.3 and 4.4, the
tensile properties of PA6/ABS blends were signifita improved by introducing
ABS-g-MAH.

As shown in Figure 4.7, ABS-g-MAH itself constitatea good impact
modifier for PA6 and the toughening effect is olmdalue to the present of ABS in
compatibiliser itself. However, when the amount ABS-g-MAH was further
increased to 3 wt. %, the impact property was #lygimcreased and the blending
system underwent a brittle-ductile transition.atidition of that, when the amount of
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ABS-g-MAH is about 1 wt. %, the notched impact st dramatically increased at

the amount of compatibiliser was about 3%. Thidesause the incorporation of
enough ABS-g-MAH made the blends became tougher tha uncompatibilised
blends. ABS-g-MAH acted like a ‘bridge’ between PABd ABS phase and made
the links stronger as well as enhanced the qualitite component interfaces (Misra
et. al, 1993). Then, it can be concluded that, the poation of ABS-g-MAH
increased the compatibility between the PA6 and A®Sich is reflected in the

increased of impact strength.

Form the figure, it can be obtained that 3 wt. %ABS-g-MAH content was
selected as a composition for PA6/ABS blends coifitiaation. This is the because,
further increase in ABS-g-MAH content was allowed accessible amount in
PAG6/ABS blends thus reduction in flexural propestas discussed in Section 4.1.2
and slightly increased in impact strength. Consmdeto the fact that the flexural
strength represents a stiffness of material andaaingstrength as a material
toughness, hence 3 wt. % was chosen as contenB8fgAMAH was blended with
addition of short glass fibre to form PA6/ABS corsjtes. Besides that, the ratio of
60/40 for PA6 and ABS component was selected tuaeto the same reason. It can
be observed the impact and flexural strength oPtA6/ABS blends at the ratio was
about 60/40 were consistent as compared to 70/8D 5450. This is can be
explained that 70/30 PAG6/ABS blends is the highlestural strength at all range
compatibiliser as compared to 60/40 and 50/50. \84&r50/50 PA6/ABS blends is
the highest impact strength as compared to 60/d¥&r80 PA6/ABS blends.
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4.1.4 Tensile Properties PA6/ABS Composites

Figures 4.8, 4.9 and 4.10 show the effect of glidsse composition up to 30
wt. % on tensile modulus, strength and elongatibrbraak of 60/40 PAG6/ABS
composites with the compatibiliser content was alBowt. %. Figure 4.8 shows that
tensile modulus increased exponentially with insheg amount of glass fibre. This
suggests that the present of glass fibres actedeiasorcement on the 60/40
PAG6/ABS blends. The trend indicates that the SGRsphmelt-blended with
PAG6/ABS blends improved the modulus and increabkedstiffness of the material.
However, the composites appeared to more breakaldettle compared to the one
without SGF. This phenomenon is supported by réedt of elongation at break of
PAG6/ABS composites.

In addition to the tensile modulus, the tensilersgth also was calculated for
SGF reinforced PA6/ABS composites. It is shown iguFe 4.8 that the SGF
reinforced PAG6/ABS composites revealed an almaseali increased in tensile
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strength with SGF content. It can be concluded, tB&F improved the tensile

properties of PA6/ABS composite with exponentiafigreased in modulus, linearly

increased in tensile strength and reduced in etagat break.

Further increase in SGF content decreased the aliongat break, as shown
in Figure 4.10. However, above 10 wt. % of SGF entftthe elongations at break of
PAG6/ABS composites are considering achieve almazirestant at value. It can be
seen that the incorporation of SGF reduced the etibility between PA6 and ABS,
which is reflected in the slightly decreased innglation of these blends. These
observations which refer to the tensile propertis be rationalised in that the SGF
acted as a reinforcing agent in the PA6/ABS conipssand the pure SGF is known
to be quite susceptible to break at room tempegatdihe tensile properties of SGF
were not measured due to difficulties and incomsisies that would arise due to the
relatively, extremely brittle nature of the pureagg. Several researchers (Cho and
Paul, 2000; Kannan and Misra, 1994; Ozkebal., 2005) have studied the trend of
increasing tensile modulus and decresing elongadiobreak with the increasing
amount of SGF in the composites. Studied by Youmd) Baird (2000) on tensile
strength, modulus and elongation of phosphate glag®ly (ether ether ketone)
(PEEK) and poly(ether imide) (PEI) also showednailsir behaviour. These results
explained that SGF enhanced the stiffness of thmposites but reduced the
performance of the toughness.
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4.1.5 Flexural Properties PA6/ABS Composites

The flexural modulus and strength values are po#te a function of SGF
content shown in Figures 4.11 and 4.12, respegti¥ar blends of PA6 and ABS, it
was found that by increasing the percentage of S6&,flexural modulus and
strength increased. The incorporation of SGF is¢hgolymer blends showed better
strength values. As the SGF content was increasath 0 to 30 wt. %, the
corresponding strength properties were also immtasignificantly. The trend is

similar to the result of tensile properties as axgd in section 4.1.4.
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4.1.6 Impact Properties of PA6/ABS Composites

Figure 4.13 shows the notched Izod impact energgavhposites (60/40
PAG6/ABS compatibilised with 3 wt. % ABS-g-MAH) vers the composition of
SGF. The unreinforced PA6/ABS materials, as exjgedtee toughness was higher
than the reinforced PA6/ABS composites due to theumt of rubber in the system
is higher. It was found that, when the SGF wa®daced into the system, the blends
showed a continuous linearly reduction in impacaipgrties. Generally, it can be
explained that, the toughness was increased bypacation of ABS due to ABS has
a strong a ductility properties. At the addition ®6F substantially decreased the
toughness and increased the stiffness all the rakstelt is well known that the SGF
stiffer than the ABS and PAG6. These results areim@greement with the impact
study by Cho and Paul (2000). They studied glds®-freinforced PA6 toughened
with ABS and EPR-g-MA as compatibiliser and fourwhtt with increasing of
amount of SGF and compatibiliser, the impact stiengf the their composites
increased to be due to the ABS phase became nfaierty dispersed and the PA6

phase became more continuous in character.

It is clear that when the amount of SGF was in@éde about 10 wt. %, the
impact strength decreased drastically. The drdlsticeduction at 10 wt. % could be
due to matrix embrittlement (Kanan and Misra, 1994y studied 70/30 PA6/ABS
as a matrix and compatibiliser was kept at thegeege of 5 wt. % styrene-grafted
maleic anhydride. Beyond this point, the smallrémeent in impact strength with
further addition about 20 wt. % SGF to be due ®fct that the fibres are shorter
length and shorter fibres are effective energy diess by pull-out and debonding.
Kanan and Misra (1994) commented again a trendftindter addition of glass fibre
leads to improvement of impact strength. Howevee, trend was not observed in
this study which was, generally, the incorporat8faF reduced the impact properties

of the composites.
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4.2 Thermal Properties

4.2.1 Thermal Properties of PA6/ABS Blends

Semicrystalline PA6 have its melting and crystatisn behaviour changed
by the presence of a second component in PA6 bigkrdsijo et al., 2005, Araujcet
al., 2004). Any significant change in PA6 melting argstallisation behaviour in
the blend can lead to changes in properties of deoulparts. Those changes can
become more significant when in situ reactive caibpeation is used for the
blending. PA6 molecular grafting, due to reactieenpatibilisation, may modify its
kinetics of crystallisation, which certainly wouleiad to different crystal dimensions

and different degree of crystallinity as compareditgin PAG.
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DSC was used to evaluate the melting and crysaéiths behaviour of the

PA6 component in the blends. Melting temperaturseabnd heating ru;,, heat
of fusion at second heating rufit,,, and degree of crystallisatio¥. were
determined from second heating thermogramsTarehd AH. were measured from
cooling thermograms. As can be seen from Tables#2land 4.3, the addition of
ABS to the pure PAG6 slightly changed the meltingdweour of the components at
first heating run. Compatibilised blends exhibitetbwer melting temperature with
respect to uncompatibilised blends at first healingthe melting temperature almost
constant value at the second heating run. Thiscates that compatibility of the
system was improved with the addition of compasbil according td,, depression
criteria (Hageet al., 1999). At second heating run, two melting peaksevadserved
in the DSC thermograms for all blends system wiitik@mposition of compatibiliser
as shown in Figures 4.14, 4.15 and 4.16, respégtiVéais is could be, at the first
melting peak, less perfect PA6 crystals which heasnbformed in the cooling step,
then forms more perfect crystals upon crystalisetj then finally melts at the

second melting peak (Tet al.,2005).

For all the blends system, the small peak obsebefdre the melting is the
reorganisation of the less perfect PA6 crystalsesehcrystals are the monoclinic
crystals of the PA6 (Ozkoet al., 2006; Tolet al, 2005). The formation of this
structure at the presence of compatibiliser migisults in an increased extend of
reaction of MAH with amine end group of PA6; thixe tformation ofa-crystals is
hindered because of this grafting reaction. Thisngimenon is also observed from
X and T, which are lower when compared to the uncompéédl blend systems.
The chemical reaction leads to an increase in ibeosity of the media and reduce

the crystallisation rate and crystal growth.

Figure 4.17 illustrated the degree of crystallinRAG6/ABS blends as a
function of ABS-g-MAH concentration, at various PAémpositions. The degree of
PAG6/ABS blends were calculated using the equatiBraBd heat of melting for PA6
at 100% crystalline is about 191 J/g (Bandrup anchérgut, 1989). Generally, The
X. of all the blends were lower than virgin PA6 tooab 35% crystallinity. The
presence of ABS exhibits the crystallisation (Blheap et al.,, 1990). The
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crystallinities of these blends were independenthef composition of blends, and

decreased with the increase of ABS-g-MAH amourthenblends. The reduction of
crystallinity may be due to the formation of grafipolymers by the reactions of
amide end groups of PA6 with ABS-g-MAH (Gabal.,1999). This effect can also
be observed fromT. values. Addition of the second phase together vath
compatibiliser decreased the crystallisation terjpee as a result of retardation

effect of increasing viscosity due to the compéshtion reactions.

Table 4.1 shows that the addition of ABS-g-MAH lve PA6/ABS blends has
significantly changed the melting temperature foe first heating run. For the
second heating run, the melting temperature of G8/A6/ABS has not significantly
effected by the addition of ABS-g-MAH. Howeverjstshown that the ABS-g-MAH
interfere in the crystallisation of PA6/ABS blend&he heat of crystallisation for
compatibilised 50/50 PA6/ABS blends has shown auctdn as compared to
uncompatibilised PA6/ABS blends. Jannasthal, (1999) have observed that the
addition of reactive compatibiliser affected theystallisation of the blends.
Compatibilisation of PA6/ABS made by ABS-g-MAH hasrongly changed the
crystallisation parameters.

There were also depressions in the crystallisagarperature and the heat of
crystallisation as a function of ABS-g-MAH concatton. ABS-g-MAH could
strongly affect melting and crystallisation in PA&S blends, where crystallisation
properties increased when the amount of compadrilincreased. However, the
increasing of crystallisation has reached a maximwatue when ABS-g-MAH
concentration was about 1 wt. % and gradually desae as ABS-g-MAH increased
as shown in Figure 4.17. It is suggested that ABBAH fully reacted with amine
end group of PAG6 at 1 wt. %. These findings aragreement with tensile modulus
and strength as discussed at Section 4.1.1. Furtberase in compatibiliser content
has attributed the excess of the amount and affettte thermal properties thus
reducing the crystallisation of the blends. Thentt is similar for 60/40 and 70/30
PAG6/ABS blends as shown in Tables 4.2 and 4.3 ectsgely.



Table 4.1 : DSC data for 50/50 PA6/ABS Blends
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wt/wt % of

o 100 AH' 0 AH¢ Tdias) | TYwes) To’ AH,? Xe
s |9 ag | O we | o | o | o | o | o)
0 224.4 34.5 191.4 32.0 56.( 112|7 223.3 30.5 16
1 223.8 34.3 191.9 31.6 65.7 110{1 222.4 34.3 18
3 223.8 33.0 191.0 31.3 66.( 1072 223.1 32.1 17
5 224.9 31.6 190.9 30.9 65.7 108}0 223.8 29.5 15
Table 4.2 : DSC data for 60/40 PA6/ABS Blends
wt/wt % of 1 2 2
__ 10 AHy, 0 AH Tdiprs)y | TOres) T AHp, Xe
pES e | (O g | O we | o | fo | o | @ | @)
0 224.8 39.3 192.7 38.8 51.7 109/4 223.4 38,120
1 224.1 38.6 194.1 40.8 60.9 106)1 223.4 44023
3 223.2 36.7 191.7 39.8 61.3 104)5 223.1 41,7 22
5 224.3 35.4 191.8 38.3 61.6 102,2 223.6 36.119
Table 4.3 : DSC data for 70/30 PA6/ABS Blends
wt/wt % of 1 2 2
e 100 AH, 0 AH T9pre) | TYmss) Tm AH, Xe
paS e | (O g | O we | o | fo | o | @ | @)
0 226.4 46.5 192.8 43.0 47.5 1047 216.9 44.6 23
1 225.0 40.3 193.6 47.1 56.9 104|2 223.5 49.9 26
3 225.3 41.4 192.4 44.7 58.1 103|1 223.5 46.5 24
5 225.0 42.4 192.4 46.2 55.( 102|9 224.1 44.1 23
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Sample: 50/30/5, 5.8000 mg

Sarmple: 50/50/3, 5.8000 mg

Sample: 53/30/1, 5.4000 mg

Sample: 90,/50/0, 5.8000 mg
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Figure 4.14 : DSC second heating run thermogrard0350 PA6/ABS blends at
different composition of compatibiliser
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Figure 4.15 : DSC second heating run thermograr60#0 PA6/ABS blends at
different composition of compatibiliser
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Sample: 70,/30/5, SE000 mg
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L— E_:Lmeie: 7043041, 5.5000 mg
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Figure 4.16 : DSC second heating run thermograni0d80 PA6/ABS blends at
different composition of compatibiliser
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Figure 4.17 : Degree of crystallinity of PA6/ABSehbs as a function of ABS-g-
MAH concentration, for various PA6 compositions
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4.2.2 Thermal Properties of 60/40 PA6/ABS Composites

The DSC thermal studies were scanned for 60/40 ABS/composites with
3 wt. % compatibiliser and SGF concentration vafreth 0 to 30 wt. %. Table 4.4
shows the numerical results of the temperaturerszhand Figure 4.18 illustrates
the degree of crystallisation for PA6/ABS compasitk is obvious from the data
that SGF affected on thermal properties of the aumsitps. The melting temperatures
at first heating run appeared to change as obseritedncreasing the SGF content
in the composites and considerably small change@ind heating run. Teh (1983)
suggested that no shift in melting temperature i@spincompatibility between the
components. Therefore, it seems that the incompstilbbhas not appeared in our
composites system by increasing amount of SGF. ihbisates the incorporation of
SGF has maintained the compatibility of the systdinis is believed that, the
selected SGF has a good adhesion with PA6 resaltigtle increased in melting

temperature either in first or second heating run.

The heat of melting and the percent of crystalfidecreased significantly
with the addition of SGF to the matrix. This phemmon suggested that the presence
of SGF inhibits crystalline formation in any paciar composition. Jog and Nadkani
(1986) reported that the crystallinity of semicayshe polyphenylene sulphide (PPS)
filled with glass fibre decreased due to the moptilif the PPS chain was inhibited
with the presence of glass fibre. However, otheeaechers (Avalost al., 1998;
Guptaet al.,1982) found that by incorporation of GF increageslcrytallinity of the
polymer matrix. They commented that the increaserystallinity was due to the
polymer matrix which forms crystallinity along theurface of the fibre. As a
conclusion, it is clear that the crystallinity deased with increasing amount of
compatibiliser. This indicates that, the SGF tetmlagglomerate within their phase

due to short in length that form multiphase in¢benposite system.



Table 4.4 : DSC data for 60/40 PAG6/ABS Blends
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wtiwt % | Tl AH,? T, (°C) AH; | Tgpas) | TOmes) | Tm' AH Xe
of SGF | (°C) | (Jg) | ° Qg | ) | ) | (©) | (lg) | (%)
0 223.2 36.7 191.7 39.8 61.3 1045 223.1 41722
10 225.1 24.1 191.9 31.8 61.% 107,0  223.6 31.8
20 224.3 26.2 191.4 31.6 62.1 1072 2244 29.0
30 2254 26.8 193.2 25.7 62.6 108\2 2249 285.6
24
= T
=
'8 14 4 \..
. »
aEETN
10 T T
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Amount of glags fiber in the composite { wt. Avt. 26)

Figure 4.18 : Degree of crystallinity of 60/40 PAB/S composites as a function of
different amount of short glass fibre
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4.3 Dynamic Mechanical Analysis(DMA)

4.3.1 PAG6/ABS Blends

The demand of PA6/ABS blends for external applaratin electronic and
automotive application especially as high perforogaparts has been increasing
from time to time because its good mechanical ptegse On top of that, this
material is mainly used in under vibration dampimberefore, dynamic mechanical
analysis (DMA) result can be utilised in mechanidamping application to reduce
vibrations. DMA properties of polymer blends depend various factors such as
reaction of compatibiliser to form grafted and matof dispersed-matrix interface
region. DMA over a wide range of temperature iseesly sensitive to all kinds of
transitions and relaxation process of polymers alsd to the morphology of the
polymers blends. DMA method can also be used testgate the miscibility or
compatibility of polymer systems through some kiofd specific interaction by
various groups (Higgins and Walsh, 1984) such astinee compatibilisation by
forming grafting between the polymers phases. Heeific information that can be
obtained by this method includes the storage mag&y the loss modulu€k” and

tan 0as a function of temperature or frequency.

4.3.1.1Storage Modulus of PA6/ABS Blends

Dynamic storage modulu€’) is the most important property to assess the
load bearing capacity of the blends material. Italso represents the elastics
components of the blends during the dynamic defoomaThe variations of storage
modulus of PA6/ABS blends ratio as a function ohperature are given in Figure
4.19, 4.20 and 4.21. There was a prominent incneatbee modulus of the blend with

the incorporation of compatibiliser over the entimegion. As the temperature
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increasedE’ decreased and then there was a sharp decline it thalue at the glass

transition region. This behaviour can be attributedthe increase in a molecular
mobility of the polymer chains abovk, The drop in the modulus in the glass
transition region was much less for higher PA6 amiothan for the lower
composition of PA6 in the blends. That is, theati#ince between the moduli of the
glassy state and the rubbery state was smallergimeh amount of PA6 than with
lower PA6. This is due to the considerable incrédasethe modulus both in the

rubbery region and glassy region.

It is clear from Figure 4.19 that at lower temperat(transition region), the
uncompatibilised 50/50 PA6/ABS had lower moduli gared to the compatibilised
PAG6/ABS. It seems that, with the addition of coniipéser, the moduli of PA6/ABS
were enhanced and 5 wt. % showed the highest wdlstrage modulus. This is the
evident that ABS-g-MAH has successfully acted asgatibiliser. However, the
addition 3 wt. % of ABS-g-MAH did not improve mut¢he storage modulus of the
blends as compared to 1 wt. %. This is believedt tbabe due to the enhancement
could be fully occurred at 1 and 5 wt. % of comipiéier. At 3 wt. % the amount of
compatibiliser considered not all the compatibilismacted with amine end group of
PAG6 and affected the elastic component of the ldemtis phenomenon is supported
by the discussion of FTIR analysis in Section 481.4n addition to that, the ABS
domains in PA6 phase for 1 and 5 wt. % restrictedrhobility of the chain. These
results are in agreement with tensile modulus, wknes discussed earlier in section
4.1.1. At higher temperature, the storage modwuslf the 50/50 PA6/ABS blends

showed almost identical.
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Figure 4.19 : Storage modulus vs. temperature faotdifferent composition of
compatibiliser in 50/50 of PA6/ABS blends

Figure 4.20 shows the effect of compatibiliser eotd on storage modulus of
DMA for 60/40 PAG6/ABS blends. The maximuBEi value was exhibited by the
blends having 1 wt. % of compatibiliser content @0 MPa, and for the
uncompatibilised was only 480 MPa at room tempeeatit is clear that the storage
modulus of the blends was enhanced by more thanuf@ the addition of 1 wt. %
ABS-g-MAH at room temperature. On further incregsthe compatibiliser content
to 3 wt. %,E’ value was found to decrease and slightly increaseslwt. %. This
depicts showed an un-linearly improvement in stilengy the addition of
compatibiliser. These results are not in agreematt impact strength, in which is
impact strength was linearly enhanced by the amidiof compatibiliser. Thus, it
needs other properties to explain this phenomehloan, the moduli of all the 60/40
PAG6/ABS blends are considered identical at highesiperature (after the transition
region). Generally, the DMA results are in agreeimeith the tensile results was
discussed in section 4.1.1, where the highest ielgsbperties at 1 wt. % of

compatibiliser.
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Figure 4.20 : Storage modulus vs. temperature atotifferent composition of
compatibiliser in 60/40 PA6/ABS blends

Figure 4.21 shows the effect of temperature onstbeage modulus of 70/30
PAG6/ABS blends at different composition of compidiser. The incorporation of
compatibiliser proved the improvement of modulinasl as elastic component of the
blends at below transition region. However, whentfmperature was higher than
of SAN rich phase (transition region), again, tldelinon of compatibiliser did not
affect the DMA properties of the blends as was tbim 50/50 and 60/40 blend

compositions.
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Figure 4.21 : Storage modulus vs. temperature motdifferent composition of
compatibiliser in 70/30 PA6/ABS blends

4.3.1.2Loss Modulus of PA6/ABS Blends

Loss modulusK”) is a measure of the energy dissipated as heatyobe
under deformation, or it is the viscous responséhefmaterial. Figures 4.22, 4.23
and 4.24 show the variation in trend of loss moslatdifferent blends systems with
temperature. Generally, from the figures it is cliget, the incorporation of ABS-g-
MAH caused broadening of the loss modulus peak. Jémk broadening can be
attributed to the inhibition of relaxation procesthin the blends. This may be due
to the increase in the number of chain segmentsedisas less free volume upon
compatibilisation. There is a shift in the glasansition temperaturég towards the
lower temperatures on increasing the compatibilsmrtent (see Table 4.5). This
could be primarily attributed to the segmental inmifisation of the matrix chain at
the interface due to the formation of graft copodymby the reactions of amide end
groups of PA6 with ABS-g-MAH. Also, the loss modafithe blends were increased
with increasing the compatibiliser content. Thessults are in agreement as

expected that the enhancement taken place upandbmgporation of compatibiliser.
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The blends also showed an increasing trend infossulus upon the decreasing of

PAG6 contents. It is clearly shown that higher AB&tent is more flexible than
higher PA6 content in the blends. This phenomersom iagreement with impact
result as discussed earlier in Section 4.1.3. ©ks modulus value in the transition
region was much high for compatibilised blends wheompared to the
uncompatibilised one. The higher modulus at thasgition region was due to the

increase in internal friction that enhanced theigation of energy.

Figure 4.22 shows the effect of temperature onBheof 50/50 PA6/ABS
blends with various amount of compatibiliser. ltclearly shown thaE” increased
by increasing amount of compatibiliser. From tiggife, 5 wt. % of compatibiliser in
the blends caused highdst. This is because higher energy was dissipated when
more amount of compatibiliser was introduced i@ $ystem. This is believed to be
due to the presence of ABS-g-MAH reduced the strelsxation of the blends, and
energy was dissipated in the form of heat. Howeaerl and 3 wt. % amount of
compatibiliser, the moduli are considered idenfidedfore and after transition. At
this concentration, the compatibiliser considerabbs not affected the energy

dissipation during a dynamic deformation.
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Figure 4.22 : Loss modulus vs. temperature plot ddferent compositions of
compatibiliser in 50/50 of PA6/ABS blends

Figure 4.23 shows the loss modulus values of 6?4®/ABS blends
containing various amount of ABS-g-MAH as a funatiof temperature. It was
found that the loss modulus of the polymer blertdb@ peak points was higher with
the introduction of compatibiliser. It is clearlja@vn that 1 wt. % is the highest
peak, followed by 5 and 3 wt. %, respectively. S&é&ends are agreement with the
tensile strength and modulus results as previodslgussed. It is very difficult to
claim a single and precise comment on dynamic nrechblproperties because it is
depend on dispersing state of dispersed phasefaicgeinteraction and reaction
between compatibiliser and polymer phase. Therefallethe phenomena were
supported by the results of thermal study was dsed in Section 4.2.1.



1.0E+08 -
9.0E+07 -
8.0E+07 -

7.0E+07 -

Loss Modulus, E" (Pa)

1.0E+07 -

0.0B+00

Figure 4.23 :

6.0E+07 -
5.0E+07 -
4.0E+07 -
3.0E+07 -

2.0E+07 -

105

40 60 80 100 120 140 160 180 200 220
Temperature (°C)

Loss modulus vs. temperature plotdifferent composition of

compatibiliser in 60/40 PA6/ABS blends

Figure 4.24 shows the influence of temperaturehenldss modulus of 70/30

PAG6/ABS blends with various amount compatibilisgrto 5 wt. %. At lower the

transition region, it was found that 3 wt. % of qmatibiliser is the highest loss

moduli as compared to the uncompatibilised blefitiese results are in agreement

with power law index analysis will be discussedSection 4.4.3.3. In general, the

introduction of compatibiliser slightly enhancee tloss modulus of the blends.
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Figure 4.24 : Loss modulus vs. temperature plot ddferent composition of
compatibiliser in 70/30 of PA6/ABS blends

4.3.1.3Tangent delta (tad) of PA6/ABS Blends

The loss tangent deltad)(is the ratio of the loss modulus to the storage
modulus, dimensionless term that expresses theofepitase time relationship
between a shock impact or vibration and the trassiom of the force to the material
support during application. It is also known as fathe loss damping coefficient, or
the loss factor. Generally, the higher the tang#ntelta the better the material
performance is in shock and vibration. A peak mdaypically represents an energy
absorbing transition, where the area under theectggresents the amount of energy
absorbed. The tad curves can be used to associate to the amourdnopatibiliser
in the polymer blendswhich is influenced by the incorporation of compdiser.
The variation of tard curves with variation of temperature for differemhount of
compatibiliser in the blend systems is shown inuFeg4.25, 4.26 and 4.27. The

maximum of tardfor all blends ratio is shown in Table 4.5.
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The tand of the 50/50 PA6/ABS blends is shown in Figurebdald found to

increase as the compatibiliser was increased. & wbserved that at lower
temperature, only a small increase in das compared at higher temperature. In the
lower temperature or at the glassy state, mosheitolecular chain segments were
still in the frozen-in, and at high temperature atrrubbery state almost all the
molecule of the blends are free to move. The diffee between the compatibilised
and uncompatibilised blends was more pronouncédhasition region (tar peak).
The value of maximum tadat the peak of 50/50 PA6/ABS blends is shown ibl@a
4.5. It is clearly shown that, with the introductiof compatibiliser reduced the size
of ABS domains in PA6 matrix and resulted incregsim scale of dispersion (see
SEM micrograph), and improved the molecular motodrthe molecular chain of
PAG6/ABS blends. This explanation is associated whit partial loosening of the
PAG6/ABS blends structure thus that the ABS domaatsch are a smaller segment
in the blends, could move well than in the unconfyiéged blends (Gnatowski and
Koszkul, 2006).

Figure 4.26 shows clearly the different effecte@patibiliser concentration
in 60/40 PA6/ABS blends as compared to 50/50 PA@ABends. Increasing the
compatibiliser concentration in PA6/ABS blends il in increasing the tad
value. From the figure, it can be observed thatt.1%wof ABS-g-MAH has highest
value of tano for all ranges of frequency, followed by 5 wt. %da3 wt. %,
respectively. This result is in agreement with thesile modulus and strength as
discussed in mechanical 4.1.1.

Figure 4.27 shows the variation of tamof 70/30 PAG6/ABS blends with a
different concentration of ABS-g-MAH. As discussed60/40 and 50/30 PA6/ABS
blends, tard was improved through the incorporation of ABS-g-MAAgain, this is
mainly because compatibiliser improved the dispersif ABS as a result the ABS
domains free to move within PA6 phase. In thiseseof blends, the highest tan

was obtained at 3 wt. % followed by 5 wt. % andt1% of compatibiliser.

From temperature point of view, it was observedt tha temperature

increased, damping passed through a maximum irsittam region and then
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decreased in the rubbery region. The peak maximemmpérature of tard or

transition region corresponds to thgof ABS and calledly at styrene-acrylonitrile
rich phase (SAN rich phase). Beldwy, damping is low because, in that region, chain
segments are in the frozen state. Hence, the defams are primarily elastic and
the molecular slips resulting in the viscous flowe bow. Also, at the rubbery region
(above the transition region), the molecular segmeame quite free to move and
hence the damping is low and thus there is noteggis to flow. In the transition
region, damping is high due to the initiation ofcnei motion of the molecular chain
segments and their stress relaxation, even thoaghlhthe segments will take part
in such relaxation together. In fact, a frozenégreent in the glassy state can store
more energy for a given deformation than a rublsegment, which can move freely.
At the transition region, every time stressed frome segment becomes free to
move, its excess energy is dissipated. Micro motisnconcerned with the
cooperative diffusion motion of the molecular chaegments. The region where
most of the chain segments take part in this cadjver motion under a given
deformation, maximum damping will occur in thatiseg The position and height of

tan opeak are indicative of the structure and propexighe PA6/ABS blends.

Higher composition of PA6 had a very less dampmghe transition region
compared to the lower one because PA6 carriesaegrextent of stress and allow
only a small part of it to strain the interface.eTiand peak height and peak width at
half height are summarised in Table 4.5. It carobserved that the high of tah
peak was decreased with the increasing amount & &#&l compatibiliser in the
blends. This may be due to the restriction of moseihof PA6 molecules and by the
formation of graft copolymers. The lowering of pelkight also indicates good
interfacial adhesion. The width of tapeak also becomes broader than the without
compatibiliser. At lower compatibiliser concentoats, the interfacial will become
inefficient leading to continuous rich regions artflerefore, not enough
compatibiliser to restrain the continuous and higlicalised strains. If there is
sufficient amount of compatibiliser, and thus tbenfation of graft copolymers will
prevent crack propagation. Effective stress trasstetween the continuous and
dispersed phase takes place at higher concentmaitiBA6, as shown by the lowest

peak height. However, further increase in the cdibjiger content led to
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compatibiliser-compatibiliser interaction and aciei@ high degree of agglomeration.

This explains that the tadfor 5 wt. % was always lower than 3 wt. % and 1 %t
compatibiliser, except for 50/50 PA6/ABS blendseser
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Figure 4.25 : Ta® vs. temperature plots at different compositiocahpatibiliser in
50/50 PA6/ABS blends
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Figure 4.27 : Ta® vs. temperature plots at different compositiocahpatibiliser in
70/30 PAG/ABS blends
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Table 4.5 : Thél'g, compositional dependence of maximum &aind peak width at

half height for PAG6/ABS blends with various ABS-gA¥ contents. The maximum

tan 0 was collected by measuring the height of peakdam J curve versus

temperature.
PAG6/ABS (50/50)
Composition of ABS- o Peak width at half
g-MAH (wt. %) To(*C) Tannax0 height
0 109.6 0.313 20
1 108.2 0.358 19
3 108.3 0.352 20
5 108.7 0.367 21
PAG6/ABS (60/40)
Composition of ABS- o Peak width at half
g-MAH (wt. %) T9(°C) Tannax height
0 109.3 0.251 20
1 106.4 0.315 22
3 106.7 0.286 21
5 108.3 0.289 22
PAG6/ABS (70/30)
Composition of ABS- o Peak width at half
g-MAH (wt. %) T9(*C) Tannax0 height
0 109.5 0.209 23
1 109.5 0.216 24
3 110.3 0.242 23
5 110.8 0.225 24

4.3.2 PAG6/ABS Composites

4.3.2.1Storage and Loss Modulus of 60/40 PA6/ABS Compssite

The results of storage and loss modulus at differatio short glass fibre
(SGF) reinforced 60/40 PA6/ABS composites are showhigures 4.28 and 4.30,
respectively. It can be seen that the storage msdarhd loss modulus increased by
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increasing amount of SGF volume fraction. It wasnid earlier that the tensile and

flexural properties of the composites increasedoatmexponentially with SGF
content. Unlikely, the flexural properties increddmearly with increasing of SGF
content. This is evident from the fact that the Sfpipeared to have higher storage
modulus,E’ than the compatibilised PA6/ABS blends. Also, theorporation of
SGF into PA6/ABS matrix caused tfig peaks for SAN rich phase in ABS to grow
in size. The loss modulus data represents the wssdamping behaviour as well as
phase behaviour. Again, an increas&’irmandE” modulus were observed as the SGF
concentration was increasdfl. modulus can also be used to discuss the dissipatio
energy behaviour and interfacial bonding of the posites. According the loss
modulus results as shown in Figure 4.29, the higpeSGF concentration has the
highest loss modulus than the lower SGF conceatratind indicates a poor
interfacial bonding between SGF and the PA6/ABSrimaComposites with poor
interfacial bonding tends to dissipate more enéngy with good interfaces bonding
(Tan et al. 1990). Therefore, at high fibre content, when strigi applied to the
composite, the strain is taken mainly by the fibresuch a way that the interface,
which is assumed to be the more dissipative comparfethe composite, is strained

to a lesser degree (lbarradt.al 1995).
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Figure 4.28 : Effect of SGF loading with temperaton the storage modulus values
of 60/40 PAG6/ABS composites



114

1.2E+08 -

5% ——0%
1.0E+08 - A

X% ——10%

S8.0E+07 -

E,
6.0E+07 1 4
4.0E+07 - R

2.0E+07 -

Loss Modulus, E" (Pa)

0.0E+00 . . . |
20 70 120 170 220
Temperature (°C)

Figure 4.29 : Effect of SGF loading with temperaton the loss modulus values of
60/40 PAG/ABS composites

4.3.2.2Tangent delta (tad) of 60/40 PA6/ABS Composites

Tan J is a damping term that can be related to the immpegistance of a
material. The effect of tad on fibre mass fraction as a function of temperaisr
delineated in Figure 4.30. It is observed thattdred peak of the unfilled sample
was higher than the filled sample. At 10 wt. % gldibre, the value of tad
decreased and beyond 20 wt. % it considerably aetli@ constant value. It is

associated with the glass transition temperatur&£N rich phase.

In addition the above facts, there was no changeaa under the curve. Area
under the curve attributes to the amount of enatggorbed by the polymer which
undergoes a transition (Chopra, 2002) during appbo with changing of
temperature. The incorporation of SGF had lesscetie the energy absorbed by
PAG6/ABS composites. The introduction of SGF lowetteel tand peak, as expected.

It is believed to be due to the inefficiently pawikiof the fibres in the composites,
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leading to the matrix rich region, and consequelathg energy to separate the phase

at the interfacial region. During a closer packimigthe fibres, the neighbouring
fibres would prevent a crack propagation and sejparalt is clear from the figure
that the unreinforced PA6/ABS composite had théésg tand and tand decreased
with increasing concentration of SGF. Hoeigal. (2007) reported that the decrease
of the height of the tad peak of filled polymer system suggested that tioéenular
chain motion was restricted by the reinforcemeltérf in the matrix phases. This
indicates that further increase in SGF concentnatvould lead to a high extent of
agglomeration and fibre-fibre interaction, and taedomly oriented formation of
SGF in the matrix thus prevented the phases InP#h&/ABS composites to slip.
Another reason is an effective transfer took pldoetsveen fibre and the matrix at
the above 10 wt. % SGF concentration and betterfatial interaction was achieved
at this fibre loading.

Generally, as fibre concentration in the compositeseased, thdy value
will also increased. The positive shiftsTipvalue shows effectiveness of the fibre as
a reinforcing agent. Moreover, the introductiorS@&F increased the value f, and
reduced the magnitude of the tanThe shifting ofTy to a higher value showed the
association with the decreased mobility of the pwy chains. The elevation & is
taken as a measure of the interfacial interactidicyla et al., 2005). Therefore, the
shifting of Ty to higher value indicates at 20 wt. % SGF hasebéititerfacial
interaction between SGF and PA6/ABS matrix as coegpdao 10 and 30 wt. %

concentration.

Table 4.6 shows a trend that the width of half hewf tand peak became
broader with increasing the SGF content and theiimax width was obtained with
fibre loading at about 20 wt. %. This is believastdo the molecular relaxation took
place in the SGF, which was not present in the RB&/ matrix. Dong and Gauvin
(1993) reported that the molecular motions at tiverface contribute to the damping
of the material apart from those of the constitsentherefore, the above
phenomenon occurred due to the decrease in st@ssfer from fibre to matrix
because of the fibre agglomeration and increagiiia to fibre interaction (Idicula
et al.,2005).
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Figure 4.30 : Effect of SGF loading with temperatan the tad values of the 60 40
PAG6/ABS composites

Table 4.6 : Area under the curve at tamaximum, tand maximum,Tg for SAN
rich phase and peak width of 60/40 PA6/ABS compssit different fibre loading.

60/40 PA6/ABS Composites

Composition of SGF

: : Area under  Tg(sanrich Peak width at
n Comm'i’t")so/';;es WD thecurve  onaee®C) 2@ haif height
0 12.41 106.2 0.28 21.23
10 9.83 110.3 0.21 41.53
20 8.65 110.6 0.22 48.38

30 8.21 109.5 0.21 47.07




117
4.4 Rheological Properties

4.4.1 Rheological Propertied of Virgin PA6 and ABS

Small amplitude oscillatory rheological tests weerformed on the virgin
component samples of the PA6 and ABS. The comploosity, 7 dependence of
frequencyw is shown in Figure 4.28. PA6 showed a typical beha, exhibiting an
initial Newtonian plateau at low frequencies folavby a shear thinning or pseudo
plastics regime at moderate frequencies as compar@ds. It is also meant that,
the virgin PA6 has a long Newtonian plateau wittiea range of frequencies studied.
The viscosity of PA6 was not significantly affectetth increasing the frequencies.
However ABS showed a different trend which is fregey dependence,
pseudoplastics behaviour started at low frequenoiesoderate frequencies.

Figure 4.29 reveals the viscoelastic propert&$ @nd G’) with various
frequencies of each component, PA6 and ABS at@30 is important to note that
the loss modulusG”, was larger than the storage modul@s, throughout the
frequencies studied for the PA6 and ABS, implyihgttthe rheological response of
these polymeric materials were dominated by visgo$he storage modulus of PA6
was more frequencies dependent than the loss mmdsiowing larger deviation at
lower frequencies. ABS had a roughly smaller démmiof viscous and elastics
character and achieved equally at frequency ar@ihdad/s. This can be seen at
larger frequencies where ABS became more elastmsircint than viscous
character. ABS also changed its characters fromditike (G” > G’) to solid-like
(G’ > G”) material with increasing of frequenciésowever, PA6 showed liquid like
material for the whole range of frequencies studiBdsically, in the range of
frequencies lying to the left of the intersectioaind at G” higher than G’, the
polymer demonstrates the flow behaviour (viscowsjle in the frequencies range to
the right of this point at G’ higher than G”, thelymer behave a rubbery like

material (elastic). This indicates that, above rsgetion point, the elasticity of the



118
ABS is primarily determined by the density of emi@ment network of the styrene-

acrylonitrile copolymer (Drevadt al.,2006).
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Figure 4.31 : Complex viscosities of blend compds¢RA6 and ABS) measured at
230°C
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Figure 4.32 : Dynamic moduli of blend componentag@Rnd ABS) measured at 230
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4.4.2 Dynamic Rheological Properties of PA6/ABS Blends

4.4.2.1Complex Viscosity Analysis

The complex viscosity is important parameter torabgrise the rheological
properties of polymer blends. The real part of tbenplex viscosity is an energy-
dissipation term similar to the imaginary part loé tomplex modulus. The complex

viscosity dependence on frequency at different dblextio of PA6/ABS blends are
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shown in Figure 4.33, 4.34 and 4.35, respectiv@bnerally, the highest of ABS-g-

MAH composition in the mixture was found to be muualre viscous and elastic
than the lower and without ABS-g-MAH as compati®li. Therefore, the data
indicates that the viscosities of PA6/ABS blendsevbardly affected by adding
small amounts of ABS-g-MAH compatibiliser. When adp ABS-g-MAH as
compatibiliser to PA6/ABS blends, the rheologicedgerties of the blends changed
significantly. During blending of PA6 with ABS afBS-g-MAH the melt viscosity
of PA6/ABS blends strongly increased as a resuifraft formation reaction between
the PA6 amine-end groups and the ABS-g-MAH anhydgobups.

The 50/50 PA6/ABS blends exhibited relatively sgdrequency-rheology or
big frequency-dependence compared to that of 6&8l070/30 PAG6/ABS blends. In
generally, all the polymer blends showed a typloathaviour, exhibiting a shear-
thinning regime at all frequencies studied. It sedwhat at a fixed frequency, the
complex viscosity increased with the amount of catilgiliser. This indicates that,
compatibiliser reduced the interfacial tension antianced the interfacial adhesion
between the domains phase and matrix phase. Adl3ant. % concentration of
compatibiliser in 50/50 PA6/ABS blends, the comphgcosity showed almost
equally value and similar trend. Specifically, timeorporation of 5% of ABS-g-
MAH into 50/50 PAG/ABS blends revealed a sharp dropiscosity beyond 30°sof
the shear rate. After this point, it could be ttegt rubber particles of ABS loose its
entanglement and agglomeration to form uniform ragegon and increased the
flowability (Marrie-Pierre Bertinet al., 1999) shown by reduction in complex
viscosity. The rest of the blends, either 60/40@B0 PA6/ABS had rather a linearly

shear-thinning regime.
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Figure 4.33 : Plot of complex viscosity versus freqcy at different amount of
compatibiliser for 50/50 PA6/ABS blends, at 2G0
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Figure 4.34 : Plot of complex viscosity versus freqcy at different amount of

compatibiliser for 60/40 PA6/ABS blends, at 2G0
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Figure 4.35 : Plot of complex viscosity versus freqcy at different amount of
compatibiliser for 70/30 PA6/ABS blends, at 2G0

4.4.2.2Storage Modulus Analysis

Figures 4.36, 4.37 and 4.38 show the relationseipvéen rheological storage
modulusG’ and frequenciea for the PA6/ABS blends at 230 containing different
amounts of ABS-g-MAH. It can be seen that withie frequency range tested, the
storage modulus decreased with increasing the éregyu The curves o&’ versus
walmost followed a linear mixing rule which is akdd frequency, the storage
increased with increasing the amount of compasiili It has been reported by Jafari
et al. (2002) the virgin PA6 obeys the linear viscoetastimodel i.e. Newtonian
behaviour at lower frequencies while the blendsa&tbpseudoplastic behaviour at
all frequencies tested. It was found that the g@®maodulus of the compatibilised
blend had slightly different as compared to theoumgatibilised blends. The values
of G’ for the compatibilised blends within the wholedguencies region were higher

than uncompatibilised, indicating the formation redw structure in these blends
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except for 70/30 PAG/ABS blends. Similar resultsR#¥6 blended with maleated

triblock copolymer styrenb-(ethyleneeo-butylenes)e-styrene (SEBS-g-MA), have
been reported by Wang and Zheng (2005). It is betiethat the interaction has
occurred between amine end-groups of PA6 with tladiem anhydride groups in

ABS-g-MAH and form co-polymers at the interfacelod blends.

The interaction can stabilise the interface by osuy the coalescence and
interfacial tension, resulting in enhancement efititerfacial adhesion and viscosity.
This is the reason why the compatibilised blends P#6/ABS/ABS-g-MAH
exhibited higherG’ than the uncompatibilised of PA6/ABS blends. Oa tther
hand, it should be emphasised that with the inargaamount of ABS-g-MAH, the
storage modulus of the blends at low frequencyoregeems to gradually deviated
from the uncompatibilised PA6/ABS blends, whichresponsible for the existence
of heterogeneous structure. This phenomenon coelldtttibuted to the results of
increasing the relaxation time due to the enhanoémiemacromolecular chains in
PA6/ABS/ABS-g-MAH blends.
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Figure 4.36 : Plot of storage modulus versus fraqueat different amount of
compatibiliser for 50/50 PA6/ABS blends, at 2G0
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Figure 4.37 : Plot of storage modulus versus fraqueat different amount of
compatibiliser for 60/40 PA6/ABS blends, at 2G0
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Figure 4.38 : Plot of storage modulus versus fraqueat different amount of
compatibiliser for 70/30 PA6/ABS blends, at 2G0

4.4.2.3Loss Modulus Analysis

Figures 4.39, 4.40 and 4.41 present the responks®imodulus G” against
frequencies at different amount of compatibiliser ©50/50 PA6/ABS, 60/40
PAG6/ABS and 70/30 PA6/ABS blends, respectively. T&mmperature was setup at
23C°C. As far asG” is concern, it can be seen that higher conterbofpatibiliser
(5 wt. %) in the blends had a higher loss moduluasicating higher energy
dissipation compared to the lower compatibilisenteat. These loss modulus
responses of PAG6/ABS blends appeared to be systerdaviation from the
behaviour either without compatibiliser to highempatibiliser content. In other
words, the loss modulus behaviour followed theérof mixtures’, which should
show a predictable increasing trend with increasiognpatibiliser content. Khaet
al. (2005) reported that the addition of compatibiliséo PC/ABS blends changed
slightly the ratio of the plastic phase compondptdystyrene, acrylonitrile-styrene)

to the rubbery phase component (polybutadiene, dinia-styrene, butadiene-
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acrylonitrile) altering the interaction betweendbghases. This indicates the viscous

component of the blends could be changed, sineecdmpatibiliser has a similar
ABS basic component. Previous study by Yuji Aokd&®k), Marie-Pierre Bertiret

al. (1995), Leeet al. (2002) and Drevaét al. (2006) indicated that the viscoelastic
behaviour as well as loss modulus of ABS dependsgly on the rubber phase or
more precisely on the degree of grafting of theberbparticles. As results, the
change of rubber phase ratio due to incorporati@ompatibiliser increased the loss

modulus responses of PA6/ABS blends.
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Figure 4.39 : Plot of loss modulus versus frequemtydifferent amount of
compatibiliser for 50/50 PA6/ABS blends, at 2G0
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Figure 4.40 : Plot of loss modulus versus frequemtydifferent amount of
compatibiliser for 60/40 PA6/ABS blends, at 2G0
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Figure 4.41 : Plot of loss modulus versus frequemtydifferent amount of

compatibiliser for 70/30 PA6/ABS blends, at 2G0
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4.4.2.4Tan 0 Analysis

The curve of tad as a function of the frequency has been usednastlaod
of understanding the interaction of PA6 phase aB& Adhase with the presence of
ABS-g-MAH as a compatibiliser. Figure 4.42, 4.431ah44 show the magnitude of
tan 0 as a function of frequencies at different compositof ABS-g-MAH in
PAG6/ABS blends. It has been reported that, the stadingth is related to tay) and
suggesting that higher elasticity can lead to higelt strength (De-Mario and
Dong, 1997). It is also can be related to the ecéxaent of interfacial interaction by
incorporation of compatibiliser, resulted to thehancement of melt strength.
Therefore, the incorporation of compatibiliser daad to higher melt strength,
higher elasticity, lower viscous and lower tarFrom the figures, it can be seen that
the blend without compatibiliser showed the highiasto. The introduction of ABS-
g-MAH into PA6/ABS reduced the taa value, increased the melt strength and
elasticity. It can be concluded that ABS-g-MAH Isagcessfully compatibilised the
blend of PA6 and ABS. This trend was found simitarthe 60 wt. % and 70 wt. %
amount of PAG in the blends.

According to this study, it is very difficult torfd any crossover @’ andG”
curves at whiclG’ is equal toG” and a tan), defined as5”/G’, is equal to one at
the crossover. Because of the intensive increnretén J values of most obtained
PAG6/ABS blends, the value of tahshould always be more than one. Therefore, the
crossover of G’ and G” curves could not be foundcept for 3 and 5 wt. %
compatibiliser in 50/50 PA6/ABS blends. Every remhterial has viscoelastic
behaviour, therefor&’ andG” are finite (Nachbauet al.,2001). Thus, the material
can exhibit solid like behaviour, wit®’ more tharG”, or liquid like behaviour, with
G” more than G'. As s result, the sample exhibitsdsiike behaviour when tad
more than one (1) and the sample exhibits liqikd-behaviour at ta® more than
one (1). According to figures almost all samplesvged tarmd more than one except
for 3 and 5 wt. % amount of compatibiliser in 50/BA6/ABS blends, and this
means that solid-like behaviour was found in thesenpositions. This is also
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indicates that, the minimum concentration of AB84H with solid like behaviour

of PAG6/ABS blends is 3 wt. %. The rest of the skE®mpshowed a liquid-like

behaviour and can be categorised as material whielasy to be processed at this
processing temperature. The rest of the samplesvbdiquid-like material because
they have more amount of PA6 in the systems, di#® has good prosessibility at

this setting temperature as compared to ABS.
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Figure 4.42 : Plot of tad versus frequency at different amount of compasiéil for

50/50 PAG/ABS blends, at 230
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Figure 4.43 : Plot of tad versus frequency at different amount of compasiéil for
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4.4.2.5The Cole-cole plot analysis

Figures 4.45, 4.46 and 4.47 present a comparistheofurves of5’ versus
G” at different compositions of PA6/ABS blends. Thisde of presentation, called
Cole-cole plots of modulus, is used to explainrtienlogical behaviour of the blends
because it was found to be independent of the teaye and molecular weight for
monodisperse materials and very sensitive to thecuatar weight distribution and to
short-chain and long branches. This type of explans was previously used by Han
and Chuang (1985) and Han and Yang (1987) to iigagst the miscibility and
compatibility of polymer blends. Husseah al. (2006) have reported that the plot of
G’ versusG” qualitatively can be used to study the effect thleniscibility or
compatibility and molecular architecture for polymesystems. In addition, the
increase ofG’ could be attributed to the entanglements andiggafeaction in the
compatibilised blend. According to Krachet al., (2004), the change in the
microstructure of the blends and the compatibibtythe polymers will be predicted
from variation ofG’ versusG” of the polymer blends.

Figure 4.45 illustrates the relationship between &id G” for 50/50
PAG6/ABS blends. It can be observed that, the inm@ton of compatibiliser reduced
the slope of the curve G’ versus G”. In other wortthe addition of compatibiliser
increased the elasticity due to grafting reactidnamine-end group and maleic
anhydride function in ABS-g-MAH. It is more promimeat low frequency. Krache
et al. (2004) reported that the elasticity of the contphsied blends was increased
due to yield stress effects and the developmentoodmuous structure. This
indicates that the ABS-g-MAH improved the compditipiof PA6/ABS blends. The
maximum value of compatibiliser referring to thisadysis was about 1 wt. %. This
analysis is in excellent agreement with the tenmsibelulus and strength was reported
in Section 4.1.1. This trends are similar with ttemd of 70/30 PA6/ABS blends are
shown in Figure 4.46.
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However, there was a slightly different trend f@/4 PAG6/ABS blends as
compared to 50/50 and 70/30 PA6/ABS blends. Frogurei 4.46, the slopes of the
graph without ABS-g-MAH and 1 wt. % were almost #am although for 3 and 5
wt. % they were different. At low frequency, theusture of 3 and 5 wt. %
compatibilised blends changed with respect to tiatithout and low amount of
ABS-g-MAH in the blends. This indicates that 3 ¥4.is the maximum amount of
compatibiliser to achieve a good interaction betwBé&6 and ABS phases. It is
believed that grafting reaction between compasibiliand matrix has occurred to
form a bridge and thus restrict the mobility of thenstituent polymer chains.
However, according to our flexural properties resobtained previously, by adding
compatibiliser beyond 3 wt. % not improve the prtips because the compatibiliser
has acted as fillers. However, the rheological progs were improved and more
prominent at lower frequency. Beyond 3 wt. %, tRkeess of compatibiliser in the
system capable to store more energy elasticallytandissipate more mechanical

energy when compared to the uncompatibilised blégdenoy, 1999).



133

1.0BE+03
@ LOEH04 +
I_:_; L
E
= 1.0E+03
LY
g..
g
s
1.0E+02
10E+01 1 1 Ly 1 1 Ly | T |
1.0E+02 1.0E+03 1.0E+04

Loss Modulus G" (Pa)

1.0E+03

Figure 4.46 : Plot of log G’ versus log G” for 60/#£A6/ABS blends at different

amount of compatibiliser, at 230

LOE+0S -
LOE+04 +

= -

& -

2 LOE+03 ¢

2 i

e L

b

3 1

S LOEHO2 ¢
1.OE+01 - . o

LOE+02 1.OE+03 1.OE+04 LOE+03

amount of compatibiliser, at 230

Frequency . o (radis)

Figure 4.47 : Plot of log G’ versus log G” for 70/®2A6/ABS blends at different



134
4.4.2.6Activation Energy of Flow

Controlling the processing temperature is an ingrdrineans to regulate the
flowability of polymer melts. In general, melt vasity of polymer has inversely
proportional with temperature. Therefore, the iasreg of temperature will improve
the flow behaviour of the molten polymers. It isedto the fact that when the
temperature increases, the melt free volume inesgasausing an enhancement of
chain segments motion and a reduction of interastizetween chain segments (Li
and Lu, 2008). This will result in the reductionroélt viscosity.

In this study, the dynamic rheological behaviouthed PA6/ABS blends and
composites has undergone variations of temperated (230C, 245C and 260C)
quantitatively. Generally, the viscosity always mfged with changing the
temperature. Therefore, in order to understand teological behaviour of
PAG6/ABS blends, the dependence of viscosity ofaleads on temperature followed
the well known Willliam-Landel-Ferry (WLF) equatig¢ferry, 1970).

logar = —Cy(T— Ty, /(C, = 4.1)

where C; and C, are constants]p is a reference temperature aagdis a

temperature shift factor. The value@fandC, are 17.4 and 51.6, respectively.

The data of PA6/ABS blends were plotted in a foriviog 7 versus log
curves at different temperature aag was determined by the horizontally shift
necessary to obtain superposition on the correspgondg 7 versus log  curve of
reference temperaturd,. All the blends under study were found to be
thermorheologically simple over the entire rangefrefjuencies and temperatures
studies. The temperature dependence of the ternpershift factor,ar was stated
using the Arrhenius equation (Sepehal.,2005):-

Ina, =In4d+ (4.2)
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Where A is pre-exponential factore, is the activation energy ang =
8.31432 J/g.mol.K is the universal gas constant.

The activation energy of the blends were calculdtech the slope obtained

by linear regression lar versus inverse of temperatur®T, as shown in Figure

4.48, 4.49 and 4.50, respectively.
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Figure 4.48 : Effect of temperature on shift facesr of 50/50 PA6/ABS blends at

different compatibiliser concentration
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Figure 4.49 : Effect of temperature on shift factar of 60/40 PA6/ABS blends at
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Figure 4.50 : Effect of temperature on shift facear of 70/30 PA6/ABS blends at

different compatibiliser concentration

The activation energy of flovk, is the energy that needs to be consumed for
breaking up the interactions among the chain setggnehen the melts flow. It
reflects the dependence of melt viscosity on teatpee. The higher thEa the more
pronounced the dependence is. In addition, thevamin energy decreases with
increasing temperature because the number of dataagt coupling points are
reduced and hence results in a decrease of interdmttween chain segments. The
interaction between chain segments will be infleéehcby the addition of

compatibiliser.

Figure 4.51 shows that the effect of amount corbpester on activation
energy of viscous flow at different PA6 concentratiAt 50/50 and 60/40 PA6/ABS
blends, adding 1 wt. % of compatibiliser decreaged activation energy of flow.
This is likely because at this compatibiliser lette¢ amount was fairly enough to
reduce interfacial tension and enhance the intetfexhesion between PA6 and
ABS phases. This result is confirmed with the tensiodulus and strength results

obtained previously. It could also be explainedhy addition of compatibiliser has
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generally lead to decrease in tBg of polymer blends and therefore this addition

made the polymer blends more temperature sengi@réoben F.et al., 2005).
However, the activation energy increased with tlditeon of more than 3 wt. %
ABS-g-MAH. When increasing amount of compatibilisé&xBS-g-MAH became
excess able material in the blends, it meant ti&functional group also excess able
and may result in overwhelming interfacial interagtdue to repulsion of polar
group in ABS phase to the PA6 phase. The figure sit®ws that the higher amount
of PAG in the blends showed the higher activatioargy. It could be explained that,
the lower is the flow activation energy means that material behaves more elastic
or in other words, increasingly solid-like (Daveadst al., 2006). In short, the
compatibilised interaction and activation energylo could be correlated because
more energy is needed to break the interactions adlogv the material to flow.
Enough amount of compatibiliser could provide sg@minteraction than lower or
without compatibiliser. This result is in agreememth the tensile strength and
modulus results were discussed earlier. This pattesimilar to the power law and

consistency index results that will be discusse8ention 4.4.3.3.

At 70/30 PAG/ABS blends the addition of 3 wt. %aafmpatibiliser showed
the lowest of activation energy of flow as compatedhe previous composition
where 1 wt. % was the maximum amount of compasiili This is indicates that the
maximum compatibiliser content was 3 wt. %, and ugio amount to initiate
interaction between the amine end-group of PA6 raatkic anhydride. This could
be due to because, more amount of compatibiligeted with 70 wt. % of PA6 than
60 and 50 wt. %.
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Figure 4.51 . Plot of activation energy of flowrsees amount of compatibiliser at

different concentration of PAG.

4.4.3 Capillary Rheological Properties of PA6/ABS Blends

4.4.3.1Shear Stress Analysis

The rheological properties of blends reveal somforimation on the
compatibilisation effect. To probe it, the rheolmi properties of the PA6/ABS
blends were investigated using capillary rheométgures 4.52, 4.53 and 4.54 show
the plot of actual shear stress versus actual siaarfor 50/50, 60/40 and 70/30
PAG6/ABS blends with different amount of ABS-g-MAH.espectively. The
temperature was setup at 280 It can be seen that the curves apparently deviat
from linear relationship of shear stress with shaée inclining to the axis of shear
rate, which means that the blends are pseudodafiicds (Han, 1976). This
observation is similar to most polymeric melts (H4882). All the blends showed a
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pseudoplastics behaviour. It seems that, the addai compatibiliser did not change

the shear stress of all the PA6/ABS blends at logas rate. It could be due to small
amount of compatibiliser attributed less to thengeaof shear stress. However the
effect of compatibiliser on the shear stress wasenabvious at higher shear rate,
specifically for 60/40 and 70/30 PA6/ABS blends.isTimdicates that at higher
concentration of PA6 more grafting reaction hasuosd in polymer melts during
testing, thus to higher amount of amine-end grouPA6 as compared to 50/50
PAG6/ABS blends. These reasons could attribute éoiticrease of shear stress at

higher shear rate.
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Figure 4.52 : Plots of shear stress as a funafoshear rate for 50/50 PA6/ABS

blend at different compositions of ABS-g-MAH
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Figure 4.53 : Plots of shear stress as a funaifoshear rate for 60/40 PA6/ABS
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4.4.3.2Shear Viscosity Analysis

Shear viscosityy, is the viscosity coefficient when the appliedest is a
shear stress. Shear viscosity is the ratio shesgssand shear rate. Therefore, in this
study, shear viscosity of the samples were analys®dl discussed in order to
understand the compatibilisation effects on thenddecomposition. The effect of
compatibilisation for 50/50, 60/40 and 70/30 PA6&Blends using ABS-g-MAH at
230°C and at various shear rates is seen in FigureS&band 57, respectively. Flow
curves for the compatibilised blends were basicaliypilar to uncompatibilised
blends. It shows that the shear viscosity of al bhends decreased with increasing
shear rate showing a typical property of pseudstjgs non-Newtonian or shear-
thinning plastics. The decrease in shear viscasity be attributed to the alignment

of chain segments of PA6/ABS blends in the directbapplied stress.

At lower shear rate, it closed to zero shear, it losa predicted all the blends
showed a Newtonian molten flow. This means that theorporation of
compatibiliser significantly did not change mucle thon-Newtonian behaviour at
lower shear rate. However, the dependence of tharshscosity on shear rate is
different as the amount of compatibiliser variespexially for 50/50 PA6/ABS
blends at low shear rate regime. The compatibilisat a little effect on the shear
viscosity. At a fixed shear rate, the viscosityreéased with increasing the amount of
compatibiliser. The increase in viscosity has be#nbuted to the increased of
interaction between the PA6 and ABS as a resuliecfeased interfacial tension and
increased entanglement. This finding is in a gogteement with the study by
Joseptet al (2007) on the effect of blend of polystyrene aoti/butadiene by using

two different types of compatibiliser.
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Figure 4.56 shows the plots of shear viscosity uershear rate for 60/40
PAG6/ABS blends. In the shear rate range explorkd, klends exhibited pseudo
plastics behaviour and it is predictable that ladl blends could achieve Newtonian
plateau at low shear rates (shear rate lower tBat)5 This means that, the addition
of compatibiliser did not significantly affect tidewtonian behaviour at low shear
rate as compared to uncompatibilised blends. In ghear thinning region, the
addition of interfacial modifier (compatibiliser) ade the blends more resistant to
flow, suggesting the interactions brought by theerfacial modification. The
restriction in chain mobility is appeared at alhga of shear rate studied, where the
gap between the flow curves of the blends becagebiand bigger with increasing

of compatibiliser.
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Figure 4.56 : Plots of shear viscosity as a funmctf shear rate for 60/40 PA6/ABS
blend at different compositions of ABS-g-MAH

Figure 4.57 shows the dependence of shear visctmity0/30 PA6/ABS
blend with variation of compatibiliser content upg wt. %. From that figure, it can
be observed that a considerably little changedhemas viscosity has occurred with
increasing of compatibiliser at lower shear rateithWgreater proportions of
compatibiliser, the inhibition of polymer chain oot by the compatibiliser phase
has increased, and the flow resistance increaseespondingly, leading to a slightly

increased in shear viscosity.
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4.4.3.3Power Law Index Analysis

The power law index can accurately represent tkarsthinning behaviour of
viscosity with respect to shear rate (Oswald anchdds, 1996). In addition of that,
the pseudo-plastics materials hawvealues less than unity and valueroihdicates a
low shear thinning nature. Generally, the flow @ng an important method of
characterising the processing properties of polymeglts under technology
conditions. It is usually represented by the relahip curves between shear
stress,, shear viscosityy, and shear ratg’,, and during die extrusion of polymer
extrusion. Previously, the curves of shear strggsversus shear ratg,, for
PAG6/ABS samples at various concentration of ABS-8HJwas shown in Figures
452, 453 and 4.54. It can be seen that sheasssinereased non-linearly with
increasing shear rate when the test temperatureaetant at 23C. This indicates

that the sample melt shear flow did not strictlgplthe power law over a wide range
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of extrusion rates. The effect of compatibilisencentration on the flow behaviour

index or power law indexy and consistency indek of the 50/50, 60/40 and 70/30
PAG6/ABS blends are shown in Figures 4.56, 4.57/a58.

For 50/50 PAG/ABS blends, a drastically effect wasiced upon increasing
the concentration of compatibiliser as shown iruFég4.58. There was a reduction in
power law index upon the addition of 1 wt. % of qaatibiliser and increased when
the compatibiliser was increased to 3 wt. %. Thuction of power law index at 1
wt % of compatibiliser could be due to a good iat¢ion between ABS phase and
the PAG6 phase. This behaviour was confirmed byileensodulus and strength result
as discussed previously. The increase of poweritt@ex when the compatibiliser
was about 3 wt. %, is believed to be due to ansxoé compatibiliser that tends to
form agglomeration within their phases and reduitedinterfacial adhesion. This
also can be related to the value of consistencgxndavhere it attributes to the
viscosity. Furthermore, the power law index haghily decreased with increasing
the compatibiliser concentration up to 5 wt. %. Udlo, the consistency index
increased with added compatibiliser. The increaseompatibiliser could recover
more entanglement and thus made the moleculartatien more difficult. This
result is similar to the study of PA6/LDPE blenasnpatibilised by poly(ethylene-
co-methacrylic acid) reported by Sinthavathavetral. (2009). From the figure, it
can be observed that, 1.5 wt. % is the minimumasfgr law index and maximum
consistency index, thus the amount has been swghastthe optimum concentration
of compatibiliser for 50/50 PA6/ABS blends.
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Figure 4.58 : Power law index, n and consistendexy K for 50/50 PA6/ABS
blends with various amount of compatibiliser at 2G0

For 60/40 PAG6/ABS blends, similar effects were cedi with 50/50
PAG6/ABS blends upon increasing the concentratiowarhpatibiliser as shown in
Figure 4.59. It is clear from the figure thatdecreased with increasing 1 wt. % of
compatibiliser. The reduction of value could be caused by direct interaction of
anhydride with amine end-group of PA6 and thus Iteduin enhancement of
interfacial adhesion. Increasing amount of comletdr higher than 5 wt. % caused
an increasing trend of threvalue. Therefore, the highest pseudoplastics enfltw
of 60/40 PAG/ABS blends with compatibiliser was riduat 1.5 wt. %. Furthermore,
the pattern of consistency index was found to lj@osjpe as compared to power law

index.

The trend of power law index and consistency inétax70/30 PAG6/ABS
blends as shown in Figure 4.60 were found to béerdiit as compared to the
previous composition of PA6/ABS blends. It can leersthat 3 wt % was the

optimum value of compatibiliser in which power lamdex was minimum and
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consistency index was maximum. This could be afttetd to the chemical interaction

between different phases of the blend caused bypabhilisers, which consists of
chemically reactive segments to their respectiventarparts in the polymer pairs. It
was affected the enhancement of interaction andavea interfacial adhesion and

thus restricted a movement of molecular level ityper melt flow.
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4.4.4 Dynamic Rheological Properties of 60/40 PA6/ABS Qosites

4.4.4.1Loss and Storage Modulus Analysis

The G’ andG” results for the polymer composites and polymendideare
shown in Figures 4.61 and 4.62, respectively. Agases in storage modulus with
increasing SGF concentration was observed at afjuincies. Moreover, these
polymer composites can be categorised as liqualtilaterial, because tl& was
greater tharG’ at all range of frequencies studied regardlessatheunt of SGF in
the systems. This could be due to SGF acted agacant’ and caused the polymer
phase of PA6 and ABS easily slipped at interphasiaraterface level.
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4.4.4.2Complex Viscosity Analysis

Figure 4.63 represents the relationship between ptmyviscosity and
frequenciesw for PA6/ABS composites containing different amousniging from
0% to 30% of SGF at 23G. It can be seen that the trend in complex visgosi
growth associated with SGF loading. At all frequeacthe complex viscosity of
polymer composites was larger than unfilled PA6/AB&Nds. It can also be found,
that the complex viscosity decreased with the msireg of frequencies. This
observation is due to the deformation of the SGFhigh frequencies and its
associated contribution to an increase in fluidifythe matrix phase. When more
SGF was added into the blends, the SGF dropleten leggrow and coalesce,
causing an increase in the complex viscosity (Guaseth Otaigbe, 2003). Generally,
all the blend systems showed a non-Newtonian beba\at all frequencies. The
increase in viscosity of the composites with insneg@ fibre concentration could be
due to the interaction between fibre-fibre anddibratrix (Prasantha Kumat al.,
2000; Dweiri and Azhari, 2004).
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4.4.4.3Tand Analysis

In order to obtain information on how efficient tpelymer composites lose
energy to molecular rearrangements and internaidn, the relation between tan
of PA6/ABS composites versus frequency were obtharad it is shown in Figure
4.64. The tand is very sensitive with structural change (Xiab al., 2006) and
decreased with the incorporation of short glassrfilwvhich is due mainly to the
existence of effective interfacial bonding betw&aF and PA6/ABS matrix so that
the energy dissipation in the composite was limit®therwise, if the interfacial
adhesion is poor, applied energy will be dissipatethe form of heat due to the
interaction between the fiber and matrix. Consetjyethe peak of tard will be
increase with decreasing the interfacial adhessamilar to other composite systems,
the decreasing of talito be due to incorporation of SGF, resulting apriovement
in damping and showing that the polymer composatesmore elastics (Lozaret
al., 2004). From the figure, it can be observed thedtalecreased drastically when
10 wt. % of SGF was introduced into the compoditem the figure, it can be
observed that 20 and 30 wt. % of SGF consideradle la similar effect on tamat
all frequency studied. Therefore, the incorporatdSGF has improved the damping
and elasticity of PA6/ABS composites.

Tan o is very sensitive with structural change of themposites and
viscoelastic behaviour can be determined usingitadysis of tad peak. From the
figure, a viscoelastic peak occurred at the frequearound 2 — 5 rad/s and depends
on concentration of SGF in the PA6/ABS compositesan be observed, the unfilled
composite has a highest tnindicates less elastics than the filled compesitde
elastic behaviour became more prominent with tighdst amount of SGF. In other
word, the viscoelatics disappeared with increatiegSGF content. Tabipeak also
indicates a solid-liquid transition, which is thengposite undergo a transition with
increasing a frequency. At the transition point, das expected to be independent of

frequency. When the frequency increased beyonditisition point, a dominating
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elastics response (solid behaviour) of the compobi#came more obvious. At

frequency is about 100 rad/s, all the compositesicderably showed identical t&n

value indicating the SGF has not affected the wdksiic behaviour of the

composites.
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Figure 4.64 : Effects of short glass fibre on toenposite tard of the PA6/ABS

blends

4.4.4.4The Cole-cole plot Analysis

Figure 4.65 illustrates a plot of storage moduls'syersus loss modulu§”
for PAG/ABS composites with various amount of shgass fibre. From the figure,
it can be seen that the cole-cole plot of PA6/AB&posites deviated from scaling
G’ versusG” of the unreinforced polymer blends indicating thalbng relaxation
mechanism has occurred in these samples. Thisatedi¢chat the composites behave
in an anomalous way and a phase separation of RAGBS has incurred. In other
words, the addition of SGF into PA6/ABS composites enhanced the interfacial

adhesion, increased the elasticity and improvedptioperties of the composites.
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However, the interaction between the SGF and PA&ABmposites will be more

obvious by discussing the power law index and ctescy index in Section 4.4.4.7.
At the concentration of SGF beyond 20 and 30 witit%as found that the deviation
trend considerably similar. This indicates thather incorporation of SGF has not
improved much the elasticity, even though the ceaxpliscosity of the both

concentration was different.
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Figure 4.65 : Plot of storage modulus, G’ versass| modulus, G” of 60/40
PAG6/ABS composites at different amount of SGF,3r€

4.4.4.5Activation Energy of Flow Analysis

The activation energy of polymer composites weteutated from Arrhenius
equation plots of Lrar versus reciprocal of temperature as shown in Eigu65.
From the Figure 4.65, the activation energy of flatlvat is an indication of
temperature sensitivity of the melts, was reduaedthe present of fibre. This
explains that the higher temperature sensitivityhef polymer matrix was increased

in the present of 10 wt. % fibres. This result & m agreement with the study
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carried out by Pransantha Kumetr al. (2000). They reported that the activation

energy of fibre reinforced styrene-butadiene rubbemposites increased with
increasing of fibre concentration, and indicatiratt the melt viscosity of the
composite is higher temperature sensitive thandhatithout fibre. However, from
Figure 4.67, increasing of activation energy wasad/ seen at the concentration of
fibre beyond 10 wt. % tough the value was till loviean the unfiled PAG/ABS
composite. This is also indicates that the presehd wt. % concentration of SGF in
the composite reduced the sensitivity of the cont@oss a result, reduced the
compatibility of the system. However, the sendgiviof the composites to
temperature increased with further increase of $@t€entration beyond 10 wt. %,
indicates the compatibility of the composite betw&&SF with PA6/ABS matrix was
restored with further increase in SGF concentration
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Figure 4.67 : Effect of activation energy for 60/8#A6/ABS composites with
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4.4.5 Capillary Rheological Properties of 60/40 PA6/AB8niposites

4.4.5.1Shear Stress Analysis

The graph of shear stress versus shear rate fd0 GA6/ABS composites
covering at different SGF composition at 23D was plotted and shown in Figure
4.68. A typical result of pseudoplastics behaviolPA6/ABS composite is shown
in the figure. At lower shear rate, the incorparatiof SGF followed the ‘rule of
mixing’ where, the shear stress increased withemse of SGF concentration.
However, at higher shear rate and the incorporaifd®8GF reduced the shear stress
of the composites. This could be due to; SGF irsgdahe volume fraction of the

matrix and create more free space for matrix tevfend the SGF inclusions can
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move in the matrix to produce the ‘bearing effea’sulting in reduction of shear

stress.

Generally, for the entire composites studied, it ba seen that the curves
apparently deviated from linear relationship inicigy to the axis of shear rate,
showing a typical pseudoplastics fluids. When shede is fixed, shear stress
increased with the increase of SGF concentrationth Wreater proportion of
reinforcement, the inhibition of polymer chain nuwti by the SGF particles was
increased, and flow resistance increased corregpglgdleading to the increase of

shear stress.
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Figure 4.68 : Effects of short glass fibre on twmposite shear stress of the

PAG6/ABS blends

4.4.5.2Shear Viscosities Analysis

The shear viscosity curves obtained for the contessvith varying content

of SGF as a function of shear rate are shown imrEigt.67. The curves show a
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significant drop in viscosity with increasing ofestr rate beyond 108sndicating a

pseudoplastic behaviour of the composite. It cdadddue to with increasing shear
rate may arise from the molecular alignment durlogy through the capillary.
Rheological study of short PA6 fibre reinforcedrete-butadiene rubber by Seema
and Kutty (2005) also found a similar observation which PA6 fibre while
restricted the free flow of the composite melt,oatget aligned in the direction of

flow.

It can also be seen from the figure that, at adfigskear rate, the viscosity
increased with SGF, where 30 wt. % produced thé@dsgamong the composites.
These results followed the ‘rule of mixing’, whettee highest SGF concentration
produces the highest viscosity. The present oéfibstricted the molecular mobility
under shear resulted a shift to higher viscositycakding to Prasantha Kumer al.
(2000 the increase in viscosity of the composites wittreasing fibre concentration
is due to the interaction between fibre—fibre arwefrmatrix However, further
increase in fibre concentration resulted in not muwrease in shear viscosity at
high shear rate as compared to low shear rate eBatral. (1989) have commented
that the shear viscosity value will increase at Mevan plateau region by increasing
the SGF content. This means that the effect oéfdor shear viscosity is prominent at
lower shear rates. It can be seen that the diffemenshear viscosity between
reinforced composites with unreinforced compoditesame bigger and bigger with
increasing amount of SGF. This observation is ireagient with earlier study of
short PAG6 fibre reinforced styrene-butadiene rul8&rema and Kutty, 2005; Kutty
et al.,, 1991) and concluded that high concentratib®GF resulting in fibre-fibre

and fibre-matrix interactions.
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4.4.5.3Power Law Index Analysis

The values of flow behaviour index and consistemclex as a function of
fibore content at 23W is given in Figure 4.70. Non-Newtonian pseuddpias
materials haven values less than unity. In the case of SGF rewefdrPAG6/ABS
composites, then values were found to be less than unity indicatihgt the
pseudoplastic nature of the system. Without S@ialue is high, indicates that
compatibiliser works effectively to enhance thesifdacial adhesion and resulted low
pseudoplastics behaviour. As the fibre concentnatias introduced to 20 wt. %, the
values of n drastically decreased indicating more pseudoplastiture for the
composites. This increased in pseudoplasticityues t the orientation of the fibres.
However, then value increased from 0.33 to 0.45 with furtherréasing of SGF
concentration from 20 wt. % to 30 wt. % in PA6/AB&mposites. This indicates the
reduction of pseudo-plastics behaviour. It couldobeause, at higher concentration
of SGF the entanglement has occurred and the fokeme in the composite was
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increased and provide more space for PA6 and AB&sehfree to flow.

Consequently, the viscosity of the composites emed with further increasing the
SGF composition. From the figure, it can be conetudthat, the optimum
concentration of SGF is about 20 wt. % where thegrdaw index was minimum
and consistency index was maximum. At this potng believed that the composite
has a good interaction between fibre and matrixva as a good compatibility
indicating higher pseudoplastic behaviour as coegbao the rest of the composite
studied.
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4.5 Fourier Transform Infra-Red (FTIR) Analysis

The FTIR analysis of virgin PA6, virgin ABS-g-MAHnd 3 wt. %
compatibiliser in 60/40 PA6/ABS blends were cared to indentify the occurrence
of the reaction between compatibiliser and PA6séan in Figure 4.68, the broad of
the peak at 3306.43 ¢hrorresponded to the N-H (amine end group of PA®)ch
in PA6 and was not appeared at ABS-g-MAH, wheréaspeak at 1071.81 ¢
corresponds to the aromatic C-O (maleic anhydrigigtch in ABS-g-MAH
appeared in the spectrum of virgin PA6, and bothkpewill dependent on the
reaction. However, at the spectrum of 60/40 PA6/AiBESd compatibilised by 3 wt.
% of ABS-g-MAH, both peaks, N-H and C-O stretchesravappeared at 3306.70
and 1076.47 cih respectively. It is clearly shown, that the sifethe both peaks
decreased significantly. This is in agreement wstiggested possible reactions
between PA6 and maleic anhydride that could beroedwuring melt blending of
PAG6/ABS blends as summarised in the Figure 4.1s Bhiggests that the reaction
occurred between amine end-group and maleic ardeydioi form a ‘bridge’ between
PAG6 phase and ABS phase. This analysis in an agmemith the idea was reported
by Kudvaet al. (2000). The appearance of the C-O peak at comipseib blends (3
wt. % ABS-g-MAH in PA6/ABS blend) spectrum has segigd that only a certain
composition of maleic anhydride has been reactdt amine end group of PAG.
This is indicates that the remaining of maleic atride in PA6/ABS acted as fillers
and affects the properties of either the blendsaonposites. This idea is supported
by FTIR spectrum as shown in Figure 4.72, whicthésC-O peak disappeared when
the amount of compatibiliser was about 1 wt. %jdates all the ABS-g-MAH fully

reacted with amine end group of PAG.
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MAH in PA6/ABS blends
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4.6 SEM Micrograph Analysis

SEM micrograph is the most convenient approach iféerdntiate the
morphologies between compatibilised and uncompeslal blends. In general, the
morphology can be improved by the addition of cotiyigser (Kudvaat al., 1998).
The morphology of fractured samples of PA6/ABS Hkeiby liquid nitrogen were
investigated in the entire of composition and shawhigures 4.73, 4.74 and 4.75. In
the case of PA6/ABS blends there exists a cledindi®on between the PA6 matrix
and ABS phase. Micrographs show the dispersed phasen ABS phase while the
matrix was the PA6 phase. This phenomenon occuadik due to PA6 had less
viscosity then ABS during sample preparation (Kuévaal., 2000a; Changet al.,
1994; Liu et al., 2001), and this fact was supported by rheologar@lysis as
discussed in Section 4.4.1.

It is clear shown that in the absence of compadii) interface adhesion was
very poor where the gap between the dispersed ghasd the matrix was bigger
(see Figures 4.73 (a), 4.74 (a) and 4.75 (a))ait be observed that the size of
dispersed phase was appreciably affected by th#iaddf MAH. These analyses
are in agreement with the previous studies (LacasseDavis, 1999; Kudvat al.,
1999; Ozkocet al., 2006). This indicates that ABS-g-MAH has decreasesl
interfacial tension between PAG6/ABS phases anddaildéiner dispersion of ABS in
the PA6 matrix. This was resulted the enhancemettieninterfacial adhesion thus
the mechanical and other properties also improvédis phenomenon was clearly
observed at the addition of compatibiliser at 1 4. into PA6/ABS blends.
Generally, further increment of ABS-g-MAH reducdgk tparticles size to be more

uniform and fine spherical.
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Figure 4.73 : SEM photographs of fractured of 50/586/ABS blends at various
amount of ABS-g-MAH (a) 0 wt. %, (b) 1 wt. %, @)wt. % and (d) 5 wt. %
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Figure 4.74 : SEM photographs of fractured of 60R¥6/ABS blends at various
amount of ABS-g-MAH (a) 0 wt. %, (b) 1 wt. %, @wt. % and (d) 5 wt. %
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Figure 4.75 : SEM photographs of fractured of 70R3%6/ABS blends at various
amount of ABS-g-MAH (a) 0 wt. %, (b) 1 wt. %, @wt. % and (d) 5 wt. %



CHAPTERS

CONCLUSION AND RECOMMENDATION

5.1. Conclusion

The mechanical of PA6/ABS blends and short glass fibre reinforced PAG6/ABS
composites were systematically investigated. Addition of ABSg-MAH as
compatibiliser in the PA6/ABS blends showed that the blends became compatible. It
was found that the tensile modulus and strength of PA6/ABS blends increased with
increasing in compatibiliser content. The present of ABS-g-MAH in the blends system
enhanced the interfacial adhesion between PA6 and ABS phases. The maximum tensile
modulus and strength were found at 1 wt. % of ABS-g-MAH concentration. This could
be due to enough amount of ABS-g-MAH reacted with amine end group of PAG.
Further increase in ABS-g-MAH content reduced the tensile modulus and strength and

considerably achieved a constant val ue beyond concentration at about 3 wt. %.
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The elongation at break of the PA6/ABS was improved by the addition of ABS-

g-MAH at al composition studied. Flexural modulus and strength exhibited different
trend as compared to tensile modulus and strength, achieved maximum value at ABS-
g-MAH content was about 3 wt. %. Beyond this point, reduction in flexural modulus
and strength occurred could be due to repulsion of polar segment of PA6 and
acrylonitrile segment in ABS and excess able amount of ABS-g-MAH acted as filler.
Impact strength showed a similar patent as compared to elongation at break. This
indicates ABS-g-MAH enhanced the interfacial adhesion and improves the
compatibility of the blends. However, the incorporation of short glass fibre to the 60/40
PAG6/ABS blends with a 3 wt. % compatibiliser has not significantly improved the
impact strength, but exponentialy enhanced the tensile modulus and strength and
linearly improved the flexural properties. Generally, the addition of SGF reduced the

toughness even though the stiffness increased exponentialy.

The thermal properties of PA6/ABS blends decreased with the increase of ABS-
g-MAH concentration. The introduction of compatibiliser has also affected the degree
of crystalisation the PA6/ABS blends. It was found that 1 wt. % was showed the
highest degree of crystallisation of PA6/ABS blends and considered as the optimum
ratio for compatibilisation of all PA6/ABS blends. The introduction of SGF into 60/40
PAG6/ABS composites reduced the thermal properties especidly degree of
crystallisation. The glass transition temperature, Tq and the heat of melting decreased
significantly with the addition of SGF to the matrix. This indicates that, the SGF tends
to agglomerate within their phase due to short in length that form multiphase in the

composite system.

From the results of the dynamic mechanical properties of 50/50, 60/40 and
70/30 PAG/ABS blends, generally, the DMA properties especialy storage modulus
were increased by the addition of compatibiliser at low temperature (before transition

region) and showed no improvement at high temperature (after transition region).
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Specifically, for 60/40 PAG/ABS blends, it was found that the maximum dynamic

mechanical properties was achieved at the concentration of compatibiliser at about 1
wt. % as compared to 50/50 and 70/30 PAG/ABS blends at about 5 wt. % of
compatibiliser. The increased in dynamic mechanical properties suggested that the PA6
and ABS chain motion were restricted by the formation of graft copolymer within the
phases. The reaction has been confirmed by FTIR analysis. The introduction of short
glass fibre in 60/40 PAG6/ABS increased the storage and loss modulus of the
composites. In other word, the present of SGF in PA6/ABS composites increased the
elasticity of the system, but resulted poor interfacial bonding with further increase in
SGF concentration. From DMA results, 20 wt. % of SGF concentration is considered as

optimum composition of SGF for 60/40 PA6/ABS composites.

In this research, detailed rheological anaysis of PAG6/ABS blends and
composites were performed on oscillatory and capillary rheometer. For the oscillatory
rheometer, the effects of compatibiliser concentration, frequency, and temperature on
rheological properties were studied. The 50/50 PA6/ABS blends exhibited relatively
strong frequency-rheology or big frequency-dependence compared to that of 60/40 and
70/30 PA6/ABS blends. In general, all the polymer blends showed atypica behaviour,
exhibiting a shear-thinning regime at al frequencies studied. It showed that at a fixed
frequency, the complex viscosity increased with the amount of compatibiliser. This
indicates that, compatibiliser reduced the interfacia tension and enhanced the
interfacial adhesion between the domains phase and matrix phase. However, the
viscoelastic behaviour in dynamic mechanical properties of PA6/ABS blends, strongly
dependent on the rubber phase of ABS and compatibiliser and grafting reaction of
compatibiliser with amine end group of PA6. The incorporation of SGF enhanced
dynamic rheological properties of the composites. The complex viscosity, storage and
loss modulus increased with increase in SGF concentration. From the dynamic
rheological tan d point of view; it can be observed the tan d decreased drastically when
10 wt. % of SGF was introduced into the composite. Moreover, it can be observed that
20 and 30 wt. % of SGF considerably have a similar effect of tan o at all frequency



171
studied. Generally, the incorporation of SGF improved the damping and elasticity of

PAG6/ABS composites.

The activation energy of flow, E; is the energy that needs to be consumed for
breaking up the interactions among the chain segments when the melts flow. It reflects
the dependence of melt viscosity on temperature. At 50/50 and 60/40 PA6/ABS blends,
adding 1 wt. % of compatibiliser decreased the activation energy of flow. However, at
70/30 PAG/ABS blends the addition of 3 wt. % of compatibiliser showed the lowest of
activation energy of flow as compared 60/40 and 50/50 PA6/ABS blends. The lower is
the flow activation energy means that the material behaves more eastic and more
energy is needed to break the interactions and allow the materia to flow. At 10 wt. %
concentration of SGF in the composite reduced the sensitivity of the composite, as a
result, reduced the compatibility of the system. However, the sensitivity of the
composites to temperature increased with further increasing of SGF indicates the
compatibility of SGF with PA6/ABS matrix was restored.

From capillary rheological point of view, all the blends showed a pseudoplastics
behaviour. At low shear rate, the addition of compatibiliser did not change the shear
stress of all the PA6/ABS blends. It could be due to small amount of compatibiliser
attributed less to the change of shear stress. However the effect of compatibiliser on the
shear stress was more obvious a higher shear rate, specifically for 60/40 and 70/30
PAG/ABS blends. It shows that the shear viscosity of al the blends decreased with
increasing shear rate showing a typical property of pseudo-plastics non-Newtonian or
shear-thinning plastics. The decrease in shear viscosity can be attributed to the
alignment of chain segments of PA6/ABS blends in the direction of applied stress. At
lower shear rate, it closed to zero shear and can be predicted as Newtonian molten

flow.
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It was found that for 60/40 PA6/ABS composites, the curves of shear stress

versus shear rate apparently deviated from linear relationship inclining to the axis of
shear rate, showing typica pseudoplastics fluids. When shear rate was fixed, shear
stress increased with increasing of SGF concentration. With greater proportion of
reinforcement, the inhibition of polymer chain motion by the SGF particles was
increased, and flow resistance increased correspondingly, leading to the increase of
shear stress. The results show a significant drop in viscosity with increasing of shear
rate beyond 100s™ indicating a pseudoplastic behaviour of the composite. The power
law index, n values were found to be less than unity indicating that the pseudoplastic
nature of the composite system. Without SGF, n value was high, indicates that
compatibiliser works effectively to enhance the interfacial adhesion and resulted in low
pseudoplastics behaviour. As the fibre concentration was introduced to 20 wt. %, the
values of n drastically decreased indicating more pseudoplastic nature for the
composites and concluded that, the optimum concentration of SGF was about 20 wt. %.

In order to confirm the reaction between maleic anhydride of ABS-g-MAH
amide end group for PA6, FTIR analysis was carried out. The FTIR analysis confirmed
that the reaction took place during melt intercalation process. FTIR analysis suggested
that only a certain composition of maleic anhydride has been reacted with amine end
group of PAG. This indicates that the remaining of maleic anhydride in PA6/ABS acted

asfillers and affects the properties of either the blends or composites.

5.2. Recommendation for Future Work

Based on the experience gained during this study, the following
recommendations for future work can be made.
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Extend the investigation of the rheological behaviour of PAG6/ABS

blends and composites using spira mould method. This method is close
to the actual processing situation; where the flow behaviour of the blends
and composite can be evauated directly form the spiral mould data.
Also, using the spira mould data, we can easily predict the flow

behaviour of the material using the injection moulding.

Extend the knowledge of dynamic mechanical analysis and rheology of
the PAG6/ABS blends to ternary blends and blends formulation containing
different type of filler loading.

Improve understanding of the dynamic mechanica properties of
PAG6/ABS composite with the study below ambient temperature and
different frequency in order to understand the behaviour of the composite
during application in cold environment. Run the testing using a
temperature sweep instead of frequency sweeps in order to evaluate the
dynamic mechanical properties under different degree of vibration. This
information can be used to understand more the behaviour of the

composite in different conditions.
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