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ABSTRACT

ABS/POLYAMIDE-6 BLENDS, THEIR SHORT GLASS FIBER
COMPOSITES AND ORGANOCLAY BASED NANOCOMPOSITES:
PROCESSING AND CHARACTERIZATION

Ozkog, Giiralp
Ph.D., Department of Polymer Science and Technology
Supervisor: Assoc. Prof. Dr. Goknur Bayram

Co-Supervisor: Prof. Dr. Erdal Bayramli

February 2007, 310 pages

The objective of this study is to process and characterize the compatibilized blends
of acrylonitrile-butadiene-styrene (ABS) and polyamide-6 (PA6) using olefin based
reactive copolymers and subsequently to utilize this blend as a matrix material in
short glass fiber (SGF) reinforced composites and organoclay based
nanocomposites by applying melt processing technique. In this context,
commercially available epoxydized and maleated olefinic copolymers, ethylene-
methyl acrylate-glycidyl methacrylate (EMA-GMA) and ethylene-n butyl acrylate-
carbon monoxide-maleic anhydride (EnBACO-MAH) were used as compatibilizers
at different ratios. Compatibilizing performance of these two olefinic polymers was
investigated through blend morphologies, thermal and mechanical properties as a

function of blend composition and compatibilizer loading level. Incorporation of

v



compatibilizer resulted in a fine morphology with reduced dispersed particle size.
At 5 % EnBACO-MAH, the toughness was observed to be the highest among the
blends produced.

SGF reinforced ABS and ABS/PA6 blends were prepared with twin screw
extrusion. The effects of SGF concentration and extrusion process conditions on the
fiber length distribution, mechanical properties and morphologies of the composites
were examined. The most compatible organosilane type was designated from
interfacial tension and short beam flexural tests, to promote adhesion of SGF to
both ABS and PA6. Increasing amount of PA6 in the polymer matrix improved the
strength, stiffness and also toughness of the composites. Effects of compatibilizer
content and ABS/PA6 ratio on the morphology and mechanical properties of 30%
SGF reinforced ABS/PA6 blends were investigated. The most striking result of the
study was the improvement in the impact strength of the SGF/ABS/PA6 composite

with the additions of compatibilizer.

Melt intercalation method was applied to produce ABS/PA6 blends based
organoclay nanocomposites. The effects of process conditions and material
parameters on the morphology of blends, dispersibility of nanoparticles and
mechanical properties were investigated. To improve mixing, the screws of the
extruder were modified. Processing with co-rotation yielded finer blend
morphology than processing with counter-rotation. Clays were selectively
exfoliated in PA6 phase and agglomerated at the interface of ABS/PA6. High level
of exfoliation was obtained with increasing PA6 content and with screw speed in
co-rotation mode. Screw modification improved the dispersion of clay platelets in

the matrix.

Keywords: ABS/Polyamide-6 Blends, Compatibilization, Short Glass Fiber

Composites, Organoclay Nanocomposite
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ABS/POLIAMID-6 KARISIMLARI, BU KARISIMLARIN KISA CAM
ELYAF KOMPOZITLERI VE ORGANOKIL BAZLI
NANOKOMPOZITLERI:

URETIMI VE KARAKTERIZASYONU

Ozkog, Giiralp
Doktora, Polimer Bilimi ve Teknolojisi Boliimii
Tez Yoneticisi: Do¢. Dr. Goknur Bayram
Ortak Tez Yoneticisi: Prof. Dr. Erdal Bayramli

Subat 2007, 310 sayfa

Bu calismanin amaci, olefin bazli reaktif kopolimer kullanarak uyumlastiriimig
akrilonitril-stiren-biitadien (ABS) ve poliamid-6 (PA6) karisimlarini liretmek ve
karakterize etmek, ardindan eriyik isleme tekniklerini uygulayarak bu karigimlari
matris malzemesi olarak kisa cam elyaf (KCE) kompozitlerinde ve organokil
nanokompozitlerinde kullanmaktir. Bu ¢ercevede, ticari olarak bulunabilen epoksili
ve maleatli olefin bazli kopolimerler, etilen-metil akrilat-glisidil metakrilat (EMA-
GMA) ve etilen-n biitil akrilat-karbonmonoksit-maleik anhidrit (EnBACO-MAH),
farkli oranlarda uyumlastirict olarak kullanildi. Bu iki olefin bazli polimerin
uyumlagtirma performansi karisim morfolojileri, termal ve mekanik 6zellikler

yoluyla karistm kompozisyonunun ve uyumlastirict yiikleme oraninin bir
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fonksiyonu olarak incelendi. Uyumlagtirict eklenmesi kiiciik faz boyutlu bir
morfoloji ve indirgenmis dagilmis pargacik boyutu ile neticelendi. Uretilen

karigimlar arasinda en yiiksek tokluk 5 % EnBACO-MAH’de gozlendi.

KCE takviyeli ABS ve ABS/PA6 karisimlar ¢ift burgulu ekstriider ile hazirland.
KCE konsantrasyonunun ve ekstriider siire¢ kosullarinin kompozitlerin elyaf boyut
dagilimma, mekanik 06zelliklerine ve morfolojilerine olan etkileri incelendi.
KCE’larin hem ABS hem de PA6’ya yapigmalarini arttirmak ig¢in en uygun
organosilan tiirli ylizeyler arasi gerilimlerden ve kisa ¢ubuk biikme testlerinden
belirlendi. Mekanik test sonuc¢lar1 matristeki PA6 oraninin arttirilmasinin
kompozitlerin dayanimini, pekligini ve ayrica toklugunu da gelistirdigini gosterdi.
%30 KCE ile takviye edilmis ABS/PA6 kompozitlerinin morfoloji ve mekanik
Ozelliklerine uyumlagtirict miktar1 ve ABS/PA6 oranmin etkileri arastirildi.
Calismanin  en c¢arpict sonucu uyumlastirict  etkisi ile KCE/ABS/PA6

kompozitlerinin darbe dayanimlarindaki gelisme idi.

ABS/PA6 karisimi bazli organokil nanokompozitlerini iiretmek i¢in eriyik halde
interkalasyon metodu uygulandi. Siire¢ kosullarinin ve malzeme parametrelerinin
karistm morfolojilerine, nanopargaciklarin dagilabilirligine ve mekanik 6zelliklere
olan etkileri incelendi. Karismay1 gelistirmek i¢in ektriider vidalari modifiye edildi.
Ayni yonde doniislii burgu ile isleme zit yonde doniisli burgu ile islemeden daha
kiigiik boyutlarda bir karisim morfolojisi sagladi. Killer se¢imli olarak PA6 fazinda
dagildi ve ABS/PA6 arafazinda topaklandi. Yiiksek derecede delaminasyon, artan
PA6 miktarinda ve ayn1 yondeki burgu hizinda elde edildi. Burgu modifikasyonu

matris i¢erisinde kil tabakalarinin dagilimlarini gelistirdi.

Anahtar Kelimeler: ABS/Poliamid-6 Karisimlari, Uyumlastirma, Kisa Cam Elyaf

Kompozitleri, Organokil Nanokompozitleri
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CHAPTER 1

INTRODUCTION

There are few scientific explorations in modern age that have had greater influence
on humankind than those gathered in the field of polymer science and technology.
The discovery of new polymerization techniques and therefore new polymers,
together with evident advances in the theory and application of polymeric materials
at the beginning of this century, helped to initiate a materials reform. However, at
the onset of new century the technical and economical issues restrict the innovation
of new polymers for specific applications. Thus, scientists have focused on the
improvement of the properties of current polymers by mixing with other polymers
to produce ‘polymer blends’ or by mixing with inorganic fillers to produce

‘polymer composites’ at a reasonably low cost.

Blending of polymers to obtain a unique property offers a powerful way of
combining performance and economy using existing materials. As a consequence of
this, the science and technology of polymer blending has become an important way
of product development for both academy and industry. Basic issues that have
influence on the physical properties of blends include interfacial behavior i.e.
physical and chemical interactions between the components at the interface and
phase morphology, which designate the issues of compatibility. It should be
emphasized that great majority of several hundred scientific papers published on
polymer blends are about compatibility and compatibility related properties. Thus, it

is clear that compatibilization is the principle issue in polymer blends.

Compatibilization generally means improvement of properties of the blends and

involves an additive which has some interfacial activity. It improves the interfacial



adhesion and affects the phase morphology of the blend system. Two approaches
are proved to be successful in compatibilization [1]. In first approach, a graft or a
block copolymer which is chemically similar to the blend components is
incorporated during melt processing. The second approach, which is the one used in
this study involves the formation of in-situ graft or block copolymer during melt
processing through covalent bonds. This method is usually preferred when one of

the components includes reactive sites such as amine, epoxy, anhydride, etc.

The blends of polyamide-6 (PA6) with acrylonitrile-butadiene-styrene (ABS)
terpolymer have gained commercial interest because of relatively low cost of ABS
and its contribution to the blend’s dimensional stability, processability, surface
quality of molded products and high toughness. Due to the highly polar structure of
the PAG6, the simple blends of PA6 with ABS yield poor physical properties because
of incompatibility arising from coarse and instable morphology and lack of
interfacial adhesion [2]. There is great interest to compatibilize ABS/PA6 blends
using compatibilizers which are capable of reacting with amine and/or acid end
groups of PA6 and miscible with styrene-acrylonitrile (SAN) copolymer phase of
ABS [1-12]. The studies reported in the literature have shown that maleated styrenic
polymers such as styrene-maleic anhydride (SMA) [11], styrene-co-acrylonitrile-
graft-maleic anhydride (SAN-MA) [5-7] or maleated acrylic polymers due to the
miscibility of acrylics with SAN of ABS such as maleated poly(methyl
methacrylate) (MMA-MA) [11], imidized acrylics (IA) [4-6] were utilized to
compatibilize the ABS/PA6 blends.

In the studies on the compatibilization of ABS/PA6, the toughness of the blends
which is the leading property of ABS/PA6 was controlled by dispersion
morphology of ABS particles and the toughness of the ABS itself which depends on
the butadiene content of ABS. In the current study, different than the literature,
commercially available epoxydized and maleated ‘olefinic copolymers’, ethylene-
methyl acrylate-glycidyl methacrylate (EMA-GMA) and ethylene-n butyl acrylate-
carbon monoxide-maleic anhydride (EnBACO-MAH) were utilized as the



compatibilizers for ABS/PA6 blends. Epoxy and maleic anhydride groups in the
structure of these copolymers are responsible for the in-situ reaction with end-
groups of PA6; MA and nBA are responsible for the miscibility with SAN [13-18]
phase of ABS and most importantly, ethylene chains act as ‘tougheners’ (impact
modifiers) because of their relatively low glass transition temperatures.
Furthermore, most of the studies reported in the literature have basically focused on
the blends in which PAG6 is the continuous phase and ABS is the dispersed phase, so
called impact toughened PA6. However, in the current study, it was aimed to
compare the properties of PA6/ABS blends in which either ABS or PA6 is
continuous, or both are continuous to enlighten this lacking. Thus, the effects of
compatibilizer type (i.e maleated or epoxydized olefinic copolymers) and content
on blend morphologies, fracture toughness, mechanical, dynamic mechanical and
thermal properties as the function of blend composition were investigated. For the
forthcoming parts of the study, the best functioning compatibilizer type and the
amount were determined for ABS/PA6 systems among the compatibilizers

examined here.

Another route to improved properties of current polymers is the incorporation of
rigid, high aspect ratio particles, in the form of fibers or platelets, into the polymer
matrix. The resulting ‘polymer composite’ will have improved physical properties.
The incorporation of fibrous glass is known to improve the properties of the
thermoplastic materials by applying traditional processes such as extrusion and
injection molding [19-22]. It is well known that the mechanical properties of fiber
filled polymeric composites are governed by both individual properties of fiber and
by the physicochemical interactions of the polymer/fiber interphase [23-27].
Interphase is a region intermediate to two (usually solid) phases in contact, the
composition and/or structure and/or properties of which may be variable across the
region and which also may differ from the composition and structure or properties
of either of the contacting phases [28]. The interactions at the polymer/filler
interphase can be related to changes in the microstructure of the polymer at vicinity

of fibers and the surface properties of fibers leading to development of interphase.



An effective interface can be obtained if there exists sufficient bonding between
constituents. Silane coupling agents, which are generally applied to the surface of
inorganic fillers, are well known and most widely used interfacial agents to bind the
glass fibers to the polymeric matrices [29]. However, because of the lack of
functional groups of polymers to allow reaction at the interface, silane coupling
agents are incapable to bind the fibers to polymers. One of the well-known solutions
to this problem is the introduction of new functional groups externally to the
polymer. It has been reported by the many researchers that to constitute polarity or
acidity to a non-polar matrix, great variety of acidic additives including acrylic acid,
methacrylic acid, maleic acid and their anhydrides have been used to enhance the
adhesion between glass fibers and polymers [30]. The most commonly applied
process is the melt blending of reactive species, especially through reactive
extrusion [31]. The previous studies showed that incorporation of short glass fibers
(SGF) to the ABS results in an improvement in tensile strength and modulus, on the
other hand a drastic decrease in toughness. Microscopic studies showed a lack of
adhesion between ABS and glass fibers [1, 32, 33]. Furthermore, the compatible
silane coupling agent type to promote adhesion at the GF/ABS interphase is lacking

in the literature.

In this research as one of the objectives, to solve the interfacial adhesion problem
and reduction in toughness in ABS/SGF composites, blending of ABS with PA6
was carried out. Therefore, the most compatible silane coupling agent type among
the organosilanes examined for ABS/PA6/SGF composites were determined, and
the effects of ABS/PA6 ratio, SGF loading level, compatibilizer content and
processing conditions such as screw speed and barrel temperature in the extrusion

were examined.

Over the last two decades, a new term has entered the materials science
terminology. This developing technology, termed polymer nanocomposites, uses

new type fillers that are capable of reinforcing the matrix polymer at the nano-scale



level. Organically modified layered silicate (OMLS) based nanocomposites have
developed extensively since Toyota Research first discovered by polymerizing
caprolactam in the presence of clays [34-37], however, nanocomposites have been
produced by melt mixing using conventional processing devices [38-40]. In these
melt processes, by dispersing the 1 nm thick, high aspect ratio, aluminosilicate
sheets of OMLSs in a polymer matrix, the physical properties such as stiffness and
strength, solvent and UV resistance, gas barrier properties, dimensional stability,
and flame retardancy can be enhanced at extremely low filler concentrations (<10 %

by volume).

In general, OMLS based nanocomposites are divided into three general types:
conventional composites, in which the clay acts as normal filler; intercalated
nanocomposites, in which a small amount of polymer enters into the clay layers;
and exfoliated nanocomposites, in which the clay layers are fully dispersed in a
continuous polymer matrix. The last structure is important, because a great
improvement in properties is achieved even at very low clay concentrations [42].
The degree of exfoliation is highly dependent on the type of organic modifier to
enhance compatibility between clay and polymer matrix to promote diffusion of
polymer into clay platelets together with the processing conditions such as the
intensity of shear in the mixing, the processing temperature and the residence time

distribution (or amount of backflow) [43-46].

Recently, the research in polymer nanocomposites has built up towards the
preparation of polymer blends based nanocomposites to combine the synergistic
effects of polymer blending and polymer nanocomposites. One of the applied
methods is the impact modified-polymer-clay ternary nanocomposite systems to
improve the toughness of the final material by incorporation a rubbery polymer.
The recent examples from the literature are the nanocomposites based on
PAG6/ethylene-propylene rubber (EPR) [47], PA6/ethylene-co-propylene maleated
rubber [48], PA6/maleated styrene-butylene-co-ethylene-styrene elastomer [49],
PA6/maleated ethylene-methylacrylate blends [50]. Other method is the preparation



of nanocomposites based on blends of an engineering plastic with a commodity
plastic or blends of two engineering plastics, such as
PAG6/polypropylene [51], polycarbonate/polypropylene [52], PA6/poly(phenylene
oxide) [53], polymethylmethacrylate/polystyrene [54]. One of the aims of the
current study is to process and characterize the compatibilized ABS/PA6 blends

based nanocomposites due to their potential commercial importance.

For the production of the nanocomposites, a mini-twin screw batch extruder was
utilized as the processing device. Due to time and cost effectiveness of these mini-
devices, they are frequently used in material research and development activities in
nanocomposites. However, the effects of processing conditions for lab-scale mixers
on the properties of nanocomposites have not been studied using a blend based
organoclay nanocomposite; therefore, in this study it was also aimed to explore the
effects of micro-compounding process conditions such as screw speed, screw
rotation-mode (i.e. co- or counter-rotation) and mixing time as a function of blend
composition and clay loading in ABS/PA6 blends based organoclay
nanocomposites. Furthermore, it was also aimed to modify the screws of the micro-

compounder to improve mix-ability of the device.

In the light of objectives stated above, this dissertation is partitioned into three main
parts. In the first part, the compatibilization of ABS/PA6 blends is taken in hand in
terms of compatibilizer type and blend composition. In the second part, SGF
reinforcement of ABS and ABS/PAG6 are investigated by considering the effects of
SGF surface chemistry, SGF content, ABS/PA6 ratio, compatibilization and twin-
screw extrusion conditions on the performance of composites. In the third and final
part of the study, compatibilized ABS/PA6 blends were utilized as the matrix
material for organoclay based nanocomposites. The influence of blend

compositions, clay loading level and processing conditions were examined.



CHAPTER 2

BACKGROUND

2.1 Polymer Blends

Mixing of two or more polymers at different chemical composition is an effective
way of combining performance and economic relationships using existing materials
[55]. As a result, the area of polymer blends has become an important research topic
for both academy and industry. Fundamental issues that affect the properties of
blends include equilibrium phase and interfacial behavior, physical and chemical
interactions between the components, phase morphology, and rheology, all of which
are related to the issues of compatibility [55]. One of the most important way of
polymer blending is the incorporation of an elastomeric phase in a rigid matrix to

enhance mechanical toughness [55].

The physical properties of a blend depend on the degree of miscibility between the
components. Fully-miscible blends generally represent the simplest case. For
amorphous polymers, most properties follow some additive relationship; thus
miscible blends are similar to random copolymers in this regard [56]. The glass-
transition temperature, and hence the softening point, is generally a monotonic
function of composition, but maxima have been observed in strongly interacting
systems [56]. As a rule, most mechanical properties follow nearly linear relations

with composition in such systems, but exceptions are known [57-62].

For blends where the components form separate phases, properties depend on the
arrangement of these phases in between and the nature of the interface (i.e.

interfacial reactions and strength) between the phases. Immiscible blends behave



like composite materials in many respects. Properties like softening temperature,
modulus, permeation, etc, are dominated by the properties of the component that
forms the continuous phase [59]. Failure properties, especially those related to
ductility, e.g, elongation at break and impact strength, often depend on the
dimensions of the phases and the degree of interfacial adhesion between the

components [55].

The nature of the interface is related to the thermodynamic interaction between the
components [63], which then governs morphology generation in the melt via
interfacial tension, and adhesion in the solid state via the thickness of the interfacial
zone and the degree to which chains from the two phases entangle. When the
thermodynamic affinity is very low, the blend can exhibit a degree of toughness
well below that of either component and is regarded as incompatible. Improvement
of this property response is often called compatibilization and approaches to this
important aspect of blend technology are described in the forthcoming part. When
the interaction between phases is good enough, additive properties may be obtained
without compatibilization. The PC-SAN interface [63] seems to be such a case and

forms the basis of commercial PC-ABS blends.

2.1.1 Compatibilization

Incompatible blends have little commercial value because of the deficiencies in
ductility-related properties such as impact resistance, elongation at break, and
strength at break. This overall response is usually related to the lack of interfacial
adhesion between the phases in immiscible systems and to poor control of
morphology [55]. Two general methods are used to overcome these problems:
copolymer addition and reactive compatibilization. Both methods seek to place a
block or graft copolymer at these interfaces. This lowers interfacial tension, retards
coalescence of domains and improves the adhesion, all of which improves

dispersion and reduces domain size. Retarding coalescence leads to a more stable
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morphology and lessens the dependence of blend performance on processing

history.

2.1.1.1 Copolymer Addition

Addition of block or graft copolymers to improve the mechanical properties of
immiscible polymer blends has been used since the mid-1970s with varying degrees
of success. Studies have shown that interfacial adhesion [64] and mechanical
compatibility [55] can be improved by the addition of appropriate block and graft
copolymers. In their simplest forms, the copolymers have block or graft segments
that are chemically identical to those in the respective phases, although non-
identical segments, which are miscible or partially miscible in the respective phases,
are also effective [55]. The principle of compatibilization by block or graft
copolymers is shown in Figure 2.1. The compatibilizer acting in fact like a
"surfactant" and will preferably migrate at the interface to reduce surface tension.
Red blocks are compatible with polymer A (matrix) and blue blocks are compatible
with polymer B (dispersed phase). The consequence will be a better interfacial

adhesion and better dispersion [65].

Polymer A
Matrix

Polymer B | Block A/B polymer

Figure 2.1 Compatibilization by Block Copolymers



Like a surfactant, block-copolymers have also the tendency to create miscelles. The
amount of compatibilizer is generally high (sometimes more than 5%). Moreover,
there are not too many block-copolymers commercially available for all polymers
and they are generally expensive [65].

As little as 0.5-2.0% of diblock [66] can be sufficient to achieve uniform and stable
phase dispersion with most of the copolymer at the interface. Diblocks are thought
to be the most efficient interfacial agents, but triblock and graft copolymers are also

useful [55].

2.1.1.2 Reactive Compatibilization

Polymers with functional groups such as anhydride, carboxylic acid, amine,
hydroxyl, epoxy, etc. have been utilized in reactive compatibilization. These groups
can react by means of condensation chemistry to give block or graft copolymers
whose constituent chains are joined by ester, amide, and imide linkages during the
melt-blending process. In the specific case of rubber-toughened polyamides, the
naturally occurring functional end groups, e.g. the primary amine ends or carboxylic
acid ends, of the polyamide provide the needed reaction capability. The other
functionalized polymer can be a maleic anhydride-modified rubber. During melt
mixing, reactions at the interface produce a nylon-grafted rubber phase with
significantly reduced dispersed rubber particle size. Alternatively, small amounts of
polymers containing reactive functionality can be added to one of the phases to
produce the reaction [66]. For instance, various polymers miscible with SAN and
reactive with amine groups have been added to ABS to affect reactive
compatibilization of polyamide—ABS blends; therefore, system shows reductions in

domain size of up to a factor of 100 as a result of such reactions [12, 67, 68].

The principle of action is to react at the interface to create "in-situ grafted block
copolymer” by reaction between functional groups of the different polymers (see

Figure 2.2). The functionalized copolymer is miscible with the matrix and can react
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with functional groups of the dispersed phase. The advantages are adjustable

reactivity, high efficiency and generally lower cost than block copolymers [65].

e

|' PolymerB& !

“In situ" formation

functonalized
poabymer

Reaction at

P-DE}I'I'I‘&EI‘ B the interface

Figure 2.2 Compatibilization by reactive copolymers

In maleated polymers, the reactive monomer is generally maleic anhydride.
Maleated polymers are most widely known family of functionalized polymers used
as compatibilizer and adhesion promoters. They can be prepared directly by
polymerization or by modification during compounding (this process is called
reactive extrusion). Anhydride groups can react with amine groups, epoxy groups
and eventually alcohol groups. The following scheme shows the example of
reaction between a maleated polymer and -NH; end groups of polyamides such as

Nylon 6,6 or Nylon 6 in order to compatibilize PA/polyolefin blends.
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Figure 2.3 Reaction scheme of a maleated olefin with a polyamide
In the group of epoxydized polymers, they are generally modified by glycidyl
methacrylate. They are very reactive with amine, anhydride, acid, alcohol groups.

They are recommended to compatibilize polyesters (PET, PBT) and olefinic

polymers or elastomers according a mechanism below:

Polyolefin

{\-’l_/\_’Polyoleﬁn
[; Polyesters o
=0 + H\JGL"-\J;—- — 5 BH g Polyesters
- —

Figure 2.4 Reaction scheme of an epoxydized olefin with a polyester
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2.2 ABS, Polyamide-6 and ABS/Polyamide-6 Blends

2.2.1 Acrylonitrile-Butadiene—Styrene (ABS) Terpolymer

Acrylonitrile-butadiene—styrene (ABS) terpolymers are composed of elastomer,
which is polybutadiene, dispersed as a grafted particulate phase in a thermoplastic
matrix of styrene and acrylonitrile copolymer (SAN). The presence of SAN grafted
onto the elastomeric component, usually polybutadiene or a butadiene copolymer,
compatibilizes the rubber with the SAN component (see micrograph showing
structure of ABS in Figure 2.5). Property advantages provided by this graft
terpolymer include excellent toughness, good dimensional stability, good
processibility, and chemical resistance. The system is structurally complex. This
allows considerable versatility in the tailoring of properties to meet specific product
requirements. Consequently, research and development in ABS systems is currently

active [69].

The proportions of monomers can vary from 15% to 35% acrylonitrile, 5% to 30%
butadiene and 40% to 60% styrene. The result is a long chain of polybutadiene
criss-crossed with shorter chains of poly(styrene-co-acrylonitrile). Numerous grades
of ABS can be produced for high heat and flame-retardant, static dissipative or high
impact requirements. Good chemical resistance combined with the relatively low
water absorption (<1%) results in high resistance to staining agents. Antioxidants

improve oxidative stability [69].

In manufacturing, grafting is achieved by the free-radical copolymerization of
styrene and acrylonitrile monomers. The three commercial processes for
manufacturing ABS are emulsion, mass, and mass-suspension [69]. ABS is sold as
an unpigmented product for on-line coloring using color concentrates during
molding, or as precolored pellets. ABS can be processed by compression and
injection molding, extrusion, calendering, and blow-molding. Post-processing

operations include cold forming, painting, and adhesive bonding. As a “bridge”
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polymer between commodity plastics and higher performance engineering
thermoplastics, ABS has become the most selling engineering thermoplastic in the

world [69].

Figure 2.5 Microstructure of ABS (black and grey parts are polybutadiene and
SAN matrix, respectively) [69]

Toughness is a primary consideration in the selection of ABS for many
applications. ABS is structured to dissipate the energy of an impact through shear
and dilational modes of deformation. Upon impact, the particulate rubber phase
promotes both the initiation and termination of crazes. Crazes are regions of
considerable strength that contain both voids and polymer fibrils oriented in the
stress direction. Crazes are terminated by mutual interference or are stopped by
other rubber particles, thereby dissipating energy without the formation of a crack,

which would lead to failure [70].

Good thermal stability plus shear thinning allow wide flexibility in viscosity control
for a variety of processing methods. ABS exhibits non-Newtonian viscosity
behavior. For example, raising the shear rate one decade from 100 s to 1000 s
(typical in-mold shear rates) reduces the viscosity by 75% on a general-purpose

injection-molding grade. Raising melt temperature can also reduce viscosity;
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typically increasing the melt temperature 20-30°C within the allowable processing

range reduces the melt viscosity about 30% [71].

Its broad property balance and wide processing window has allowed ABS to
become the largest selling engineering thermoplastic as mentioned on the previous
pages. Table 2.1 summarizes the production capacities of some ABS producers in

2005.

Table 2.1 The production capacities of some ABS producers in 2005 [72]
CAPACITY

PRODUCER (million pounds/year)

Bayer, Addyston, Ohio 450
Diamond Polymers, Akron, Ohio 50
Dow, Allyn's Point, Conn. 55
Dow, Hanging Rock, Ohio 140
Dow, Midland, Mich. 195

GE Plastics, Bay St. Louis, Miss. 280
GE Plastics, Ottawa, I11. 475

GE Plastics, Washington, W.Va. 160

2.2.2 Polyamide-6 (PAG6)

PAG6, was first discovered in 1899, is a tough, white translucent, semi-crystalline
solid, melts at a relatively lower temperature with respect to other engineering
plastics. Nylon-6 is produced commercially from caprolactam by ring opening
polymerization (see Figure 2.6), which is the industrially most important lactam

[69].
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Figure 2.6 Ring opening polymerization of g-caprolactam

The PAG6 is produced from caprolactam in the presence of water. The reaction is
initiated by a hydrolytic ring opening to aminocaproic acid followed by reaction of
the amine end with caprolactam, giving ring opening and further addition reactions.
The polymerization, which takes place at 240-280°C, can be carried out at

atmospheric pressure [69].

Even at elevated temperatures, PA6 retains its shape because of its partially
crystalline structure and the strong cohesive forces exerted between the molecules
by the hydrogen bonds. PA6 resins are characterized by a combination of high
strength, elasticity, and toughness and abrasion resistance. Good mechanical
properties are maintained up to 150°C, although a more conservative limit for use is
120°C. Both toughness and flexibility are retained well at low temperatures. The
solvent resistance of material is good, but it’s strongly hygroscopic. This property
positively affects the toughness and elastic behavior of the product while it
decreases the elongation at break. The equilibrium moisture content of PA6 is 0.25-

0.30 % at atmospheric conditions [69].

2.2.3 ABS/PAG6 Blends

Blends of ABS with PA6 are immiscible due to the highly polar structure of
polyamide; therefore simple blends of ABS and PA6 do not exhibit desired
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properties. The widely applied method is utilization of reactive compatibilizers to

obtain well-dispersed and stable morphology.

Due to the crystalline structure of linear polyamides with a high melting point, it is
preferable to have these resins as the continuous phase. These systems have better
heat and solvent resistance than the ones with reversed morphology. However, to
preserve the ABS-generated toughness in a wide range of conditions, the ABS
phase should also be continuous. Thus, co-continuity of phases has been the
preferred morphology of these blends. Such morphology can be achieved by
adjusting concentration and the viscosity ratio of the individual components [1]. In
these systems compatibilization must stabilize the co-continuity of morphology, and
provide an appropriate degree of dispersion. Optimization of the amount and the
type of compatibilizer to generate stable co-continuous morphology is the key
factor with an appropriate degree of dispersion. Just as in the case of blends with
dispersed-drop morphology, so also in systems with co-continuous structures it is

the degree of finesse that determines the performance [1].

The advantages of blending ABS with PA6 are primarily to reduce moisture
sensitivity, improve toughness and reduce shrinkage and warpage of the latter resin.
The ABS/PA6 compatibilized blends combine the intrinsic properties of the semi-
crystalline PA6 with those of the amorphous ABS. The materials have good
processability and flow, good surface finish (gloss or matte as required), high heat,
chemical, oil, wear and abrasion resistance, dimensional stability, low temperature

impact strength, reduced moisture sensitivity and economy [1].

The main uses of ABS/PA6 alloys are in the automotive, chemical, electrical,
electronics, consumer and sport industries, such as large components for
recreational vehicles, snow-mobiles, tractors, lawn and garden equipment, power
tool housings, impellers, wheel covers, gears, mirror housings and automobile
interior components. The material has also been used in anti-vibration damping

structures.
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In the literature, the reaction capability of anhydrides with amide groups is seemed
to be an efficient solution to compatibilize the ABS/PA6 system. Maleic anhydride
grafted polystyrene (SMA) and maleic anhydride grafted poly (styrene-co-
acrylonitrile) SANMA are widely used [3, 12, 73]. When the chemical structures of
these two copolymers are considered, it is seen that while styrenic groups are
miscible with ABS, the maleic anhydride groups reacts with amide groups of PAG6.

The following scheme shows this reaction (Figure 2.7):

4+ NH— (CHak— COENH={CH. L =0+t
= [11]

! PA6

P

Figure 2.7 Compatibilization reaction between SANMA and PA6

Imidized acrylic polymers are also used to compatibilize ABS/PA6 polymers [2, 16,
74]. Imidized acrylic can be obtained with reactive extrusion of PMMA with
methylamine at sufficiently high temperature and pressure. Imidized acrylic
polymers have high modulus, tensile strength and heat distortion temperature,

which make them attractive candidates for several industrial uses. More recently,
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the presence of controlled levels of acid and anhydride groups in these polymers has
been utilized to generate blends with nylon with a grafting reaction with the amine
groups. Depending on their functionality level, these polymers are miscible with
SAN phases, which make them potentially useful compatibilizers for
polyamide/ABS blends. The main repeat units of imidized acrylic polymers can be

seen from the reaction given in Figure 2.8.

PMMA + CH;NH; ——

CH CH H ‘i:HJ H TH3 CH3 TH3 CH (ﬁ;’i
3 3 : -
%/CHQ\ L /CHg\L /% (c Z\T i/c 2\(!:/ \T /% ( Z\T
| 1 =0 : C=0
- /5 \
I NN, :Lm ¢ e ({:
12]—[3 CH1 H
methyl glutarimide methyl methacrylate glutaric anhydride methacrylic acid

Figure 2.8 Reaction scheme of PMMA and methylamine

Oxazoline groups can also be grafted to a polymer, and this approach has been used
to produce reactive polystyrene by Dow Chemical Co. A peroxide-initialized free
radical grafting is often used to attach oxazoline groups to a polymer. Recently,
another method was proposed for converting the nitrile groups of SAN or nitrile
rubber into oxazoline with the aid of a metal salt catalyst in solution at 130 to
140°C or in the compounding equipment at 230 to 240°C in the absence of a
solvent. 2-Aminoethanol (AE) and zinc acetate are shown to be an efficient
reactant and catalyst, respectively, for this reaction [75]. The nitrile content has a
marked influence on the efficiency of the reaction between SAN and AE. It should,

therefore, be interesting to explore the reactivity of AE towards a variety of SAN
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materials with different acrylonitrile contents. The number of available end groups
of PA6, which is related to the molecular weight, is also of interest. The possible
reactions between oxazoline modified SAN and PA are shown with the given

mechanism in Figure 2.9.
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Figure 2.9 Reactions between oxazoline functionalized SAN and PA6

Moreover, acrylic group including anhydride functional polymers, such as poly
(methylmethacrylate-graft-maleic  anhydride) (MMA-MA) and poly(n-butyl
acrylate-graft-maleic anhydride) (nBA-MA), were used as a compatibilizer due to
miscibility of acrylic group with styrenics in order to achieve desired degree of

interfacial interactions between PA6 and ABS [76].

Epoxy group is also capable of reacting with acidic end groups of polyamides;
therefore, epoxy grafted acrylic or styrenic copolymers can be used to compatibilize
ABS and PAG6.

In this research, commercially available epoxydized and maleated olefinic

copolymers, ethylene-methyl acrylate-glycidyl methacrylate (EMA-GMA) and
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ethylene-n butyl acrylate-carbon monoxide-maleic anhydride (EnBACO-MAH)
were selected as the compatibilizers for ABS/PAG6 blends.

2.3 Short Glass Fiber Reinforced Polymeric Composites

A composite is defined as a combination of two or more components, differing in
form or composition on a macro-scale with two or more distinct phases having
recognizable interfaces between them [77]. Proper combinations of these
components into composites give rise to properties that transcend those of

constituents, as a result of combined action.

Composites usually consist of a reinforcing material embedded in a matrix. The
most effective way to obtain higher strength and improved overall properties is to
incorporate dispersed phase into the matrix, which can be an engineering material
such as ceramic, metal or polymer. Therefore, it is possible to classify the
composites with respect to matrix material. Polymer matrix composites (PMCs),
thermoplastic or thermosetting, are one of the important subgroup of composites.
The reinforcing component in a composite structure can be discontinuous or
continuous, in particulate or fibrous form. The most commonly employed
reinforcing component for polymer matrices is short fibers. Usually, materials in
fibrous form are much stronger than in any form, which is the basic reason for the
ascending of fibrous reinforcements [77]. Because of the higher strength, stiffness
and ease of production, glass fibers are very common and widespread. The addition
of glass fibers to polymers yields an improvement drastically on the stiffness,

strength and the high temperature performance [23].

Glass fibers, which are non-crystalline, may consist of a range of compositions; all
of which have certain characteristics in common. There are four main classes of
glass fibers used commercially [77]:

1.) A-Glass: High alkaline grade (essentially soda-lime-silica)
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ii.) E-Glass: Electrical grade (calcium alumina-borosilicate with low alkali oxide
content)

iii.) S-Glass: High strength grade (Magnesium alumina silicate without boron
oxide)

iv.) ECR-Glass: modified E-Glass grade for chemical resistance

Fibers from any of these classes can be prepared. E-glass grade fiber is the most
widely used one for reinforcement purpose, although S-Glass has the higher

strength and modulus. Table 2.2 represents the properties of glass grades.

Table 2.2 Properties of glass fibers from different grades [77]

Densit Tensile Elastic Strain to Coefficient of
Material /cm3y Strength  Modulus failure thermal expansion
8 (MPa) (GPa) (%) (10'6/K)
E-Glass 2.620 3450 &1 4.9 5.0
S-Glass 2.500 3590 &9 5.7 5.6
A-Glass 2.500 3050 69 5.7 8.6

Because of several advantages including ease of processing, possibility of obtaining
complex shapes, higher strength/density ratio and recycling, short glass fiber (SGF)
reinforced thermoplastics are of great interest. It is known that some properties of
plastics are improved by the incorporation of SGF by performing economical
processing methods such as extrusion and injection molding [78]. The properties of
SGF reinforced thermoplastics depend not only on the properties of matrix and fiber
alone, but also on

o glass fiber content

 orientation of fibers

e aspect ratio of fibers and its distribution

e fiber/matrix adhesion
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2.3.1 Glass Fiber Content

The glass fiber content is normally expressed in terms of volume fraction or weight
fraction. The following equation is valid,

W,

Py
G —
rweow,
74_7
pf pm

2.1)

where W and p are respectively corresponding to weight fraction and density with
subscripts of m and f denoting the matrix and the fiber. The basic theoretical
concept to explain the dependence of glass fiber content of any physical property is

based on rule of mixtures
F, =])fo+])m(1_Vf) (2.2)

where P stands for any property (like modulus, density, etc) and V stands for
volume fraction with subscripts of m and f denoting the matrix and fiber,
respectively. It is obvious from Equation (2.2) that increasing the volume fraction of
fibers results in an increase in property of composite. The more realistic theory used

for mechanical properties of SGF reinforced systems is:

for L >L,,

L ,
o, =koV, {1 - (ﬁﬂ +owl, (2.3a)

and for L <L,

o, =k, 1d)+ o, (2.3b)
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where o is the strength of composite, o, is the ultimate strength of fibers, L is the

length of fibers, L. is the critical length of fibers, V., and V; are the volume
fractions of matrix and fiber, respectively, o is the tensile stress at break for
matrix, k is the orientation factor, d is the diameter and T is the adhesive bond

strength [79].

The practical experiences also showed that increase in fiber volume fraction
increases the tensile strength and modulus [80], and each resin has an upper limit of

reinforcement where addition of more fiber is not cost effective [81].

2.3.2 Fiber Orientation Distribution (FOD)

It is known that the mechanical properties of SGF reinforced thermoplastics depend
critically on the fiber orientation distribution (FOD). In order to obtain high
performance injection molded SGF reinforced thermoplastics, it is therefore of
greatest importance to study the effects of the FOD, because of the isotropy
dependence of final product properties. During extrusion compounding and
injection molding processes, progressive changes take place in fiber orientation
through the molded component. The changes are related in a complex way to the
size and concentration of fibers, rheology of polymer melt, mold cavity design and
the processing conditions; therefore, the control of orientation is a very hard work.
During processing of short glass fiber reinforced thermoplastics, the polymer melt
undergoes either elongational flow or shear flow. An indication of the effects of
those flow processes on the fiber orientation is illustrated in Figure 2.10 for simple

two-dimensional deformations.
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Figure 2.10 Schematic representation of changes in fiber orientation occurring
during flow (a) initial random distribution, (b) rotation during shear flow, (c)

alignment during elongational flow [82]

The degrees of preferred fiber orientation after processing depend on the flow field
and type. The viscosity of the molten matrix affects the final orientation distribution
mainly on the way in which the mold fills. Taking the orientation effect into
account, the tensile strength of fiber reinforced composites may be calculated by
using Equations (2.3a) and (2.3b). In these equations, k-the orientation factor- is
unity if there are only continuous fibers present, and 0.33 if randomly oriented short
fibers exist. The measurement of fiber orientation and FOD is performed utilizing

2D images [83].

2.3.3 Aspect Ratio of Fibers

Aspect ratio of fibers (length/diameter) is the other factor influenced by process
conditions. During the extrusion and injection molding, shear stress exerted by the
screw or ram will break the fibers and result finally in a fiber length distribution
with an asymmetric character with a tail at long fiber lengths. The number average

fiber length is defined as;
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L, = 2N (2.4)
n ZNI

where N; is the number of fibers of lengths L.

The improvement in mechanical properties of fiber filled polymer is due to ability
of withstanding a higher proportion of the mechanical load than the matrix it
replaces. Fibrous filler is required in order to provide sufficient transfer of
mechanical load from the matrix to the reinforcement. Such transference can only
occur if the fiber length exceeds the critical length. Tensile loads acting on the
fibers are zero at the ends and gradually increase to a plateau in the central portion
of the fibers. Thus, the parts of the fibers near the ends carry less load then middle
section. The sum of the length of the fiber on each end required for the tensile load
to reach its plateau or maximum value is often called critical length. In other words,
a fiber must have a length of at least critical length to achieve maximum stress in

the fiber [84].

Fibers that are shorter than critical length will pull out the matrix under tensile load.
For such a case, full load transfer is not realized. At the critical length both the fiber
and matrix will fracture along the same failure plane. Additional increase in fiber
length will not increase the strength of the composite, since the failure will be the

same as that experienced at the critical length, as shown in Figure 2.11 [85].
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Figure 2.11 Simplified illustration of the variation of tensile strength in SGF

reinforced polymers as a function of fiber length [85]

Because the fibers suffer severe damage during compounding and injection
molding, their ultimate length is usually only a fraction of its value. The possible

causes of fiber fracture during processing are listed as follows [86]:

1.) Fiber/Fiber Interactions: Abrasion of glass surfaces causes the uncontrolled fiber
breakage, leading to direct or subsequent fracture because of increased stress
concentration at the fiber ends (by increasing number of fiber ends). Breakage may

also occur due to bending stress caused by fiber overlap.

ii.) Fiber/Machinery Interactions: The wear of the equipment when processing
reinforced thermoplastics supports the idea of fiber/machinery interactions being
significant factor. This effect is a result from the high shear rate on the moving

surfaces.

iii.) Fiber/Matrix Interactions: Viscous forces imparted by the polymer may cause

fracture of fibers. In order to avoid this shearing condition, the melt temperatures
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should be kept as high as tolerable regarding the thermal degradation to reduce the
viscosity. For the protection of fibers, the screw speed of the machinery may be

lowered.

2.3.4 Fiber/Matrix Adhesion

The mechanical properties of resulting SGF reinforced polymer depend heavily on
the nature of the fiber/matrix bonding strength. A strong adhesion generally leads to
the best composite properties but there are some exceptional handicaps such as
lowering the toughness, increasing the mold shrinkage, etc. Many effective
coupling agents that are capable of forming desired medium to established bonding
have been identified for polymer matrices [29]. Silane coupling agents are one of

the most widely used organic molecules to promote interfacial adhesion.

The need for techniques to bond glass fibers to polymer matrices was recognized
since glass fibers were first used as reinforcement [29]. Silane coupling agents are
widely used for this purpose today. They are believed to create a bond between
many inorganic substrates such as glass, and organic polymers by the scheme
shown in Figure 2.12 provided that an appropriate organofunctional group is
chosen. The general formula of an organosilane shows two classes of functionality

[29].

Rn-Si-X(4_n)

Figure 2.12 The chemical structure of silane coupling agents
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The X group is involved in the reaction with the inorganic substrate. The bond
between X and silicon atom in coupling agents is replaced by a bond between the
inorganic substrate and the silicon atom. X is a hydrolysable group, typically,
alkoxy, amine, or chlorine. The most common alkoxygroups are methoxy and
ethoxy, which give methanol and ethanol as by-products during coupling reactions.
Since chlorosilanes generate hydrogen chloride as a byproduct during coupling
reactions, they are generally utilized less than alkoxysilanes. R is a non-
hydrolysable organic radical that possesses a functionality, which enables the
coupling agent to bond with organic resins and polymers. Most of the widely used

organosilanes have one organic substituent [29].

Appropriate organofunctional groups generally involve a moiety that reacts with the
polymer resin to form a chemical bond with the glass substrate and the organic
matrix or, alternatively, a strong physical interaction. Typically, the silane coupling
agent is provided as a trialkoxysilane, as shown in Figure 2.13, which readily
hydrolyzes in the presence of water to form the corresponding silanol, the active
agent in the reaction with the glass substrate [29]. These silanol groups can undergo
condensations with silanol groups naturally occurring on the glass surface to form a
siloxane bond between the glass and silane coupling agent. The result is a
functionalized glass surface where the organofunctional group can then react with
the polymer matrix if a reactive functionality has been chosen. There is no doubt the
simple conceptual scheme described earlier and shown in Figure 2.13 may capture

all the events at the fiber—matrix interface.
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Figure 2.13 Reactions of organosilanes (R and *R are the functionalities of silane

coupling agent and polymer, respectively)

The number of reactive sites on a surface area and the type of silane deposition
sought, i.e. monolayer, multilayer or bulk, are all factors which can be used in
calculating the amount of silane necessary to silylate a surface. Silanes with one
hydrolysable group can be utilized to produce surfaces with monolayers of
consistent stoichiometry. These materials are more expensive and produce surfaces
with less hydrolytic stability. The number of silanols on a surface is varied by
thermal history. Optimum deposition of silane with more than one hydrolysable
group is defined as the amount necessary to produce a surface of uniform energy. A
value defined as the wetting surface describes the area in m” per one gram of a
silane deposited from solution will cover. In combination with data on the surface
area of a siliceous substrate in m*/g, the amount of silane required for deposition
may be calculated. Most composite, adhesive, and coating formulations do not
follow any stoichiometry, but simply define optimal concentration by operational

success. For most filler, a treatment level of 0.02-1.00% by weight is used [29].

Selection of the appropriate coupling agent is accomplished by empirical evaluation

of silanes within predicted categories. Exact prediction of the best silane is
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extremely difficult. Increased bond strength by utilization of silanes is a result of a
complex series of factors - wet out, surface energy, boundary layer absorption, polar
adsorption, acid-base interaction, interpenetrating network formation and covalent
reaction. Strategies for optimization must take into account the materials on both
sides of the interface and their susceptibilities to the various coupling factors.
Usually the initial approach is to select a single coupling agent and assume a direct

bond between the two materials [29].

For a better understanding of fiber/matrix interphase mechanics, it is necessary to
determine the interface strength and possible interactions between polymer and
fiber. This is usually carried out by means of contact angle measurements [27, 87,
88] to determine the thermodynamic energy (work) of adhesion and specific
mechanical tests on real or model composites to determine the strength of

interphase formed between fiber and polymer [89].

2.3.4.1 Work of Adhesion

The method of estimating the thermodynamic adhesion at fiber matrix interphase,
which is generally called work of adhesion, from the surface properties of both
materials, is a theoretical approach. This thermodynamic model of adhesion is
certainly most widely used approach in adhesion science. This theory considers that
the adhesive will adhere to the substrate because of interatomic and intermolecular
forces established at the interphase, provided that an intimate contact between both

materials is achieved [90].

T, of a given non-metallic material (i) can be

The total surface energy, yi'©
considered as being composed of two parts: the Liftshitz-van der Waals (LW), yi"",
and the acid-base (AB) component, y;*®. The former represents the dispersion
forces, dipole-dipole and induction, and the latter represents the short range H-

bonding or acid-base interactions. This is written as the sum of the two components,
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yiTOT — YiLW + YiAB (25)

where the acid-base term is a property of one that depends on the mutual interaction
of two unlike species, an acid and base. ;""" is composed of two surface parameters
which are independent of physical presence of another one: y;' is the Lewis acid
component and vy; is the Lewis base component of the surface free energy. These,

together, yield the acid-base component of surface free energy, ;.

v =20 (2.6)

The most characteristic feature of these Lewis acid and base components is that
they are not additive although the non-polar ones are. It means that if phase (i)
possesses only ;" or v;, this component does not participate in the total surface free
energy of the phase (i). However, it will interact with the complementary
component of phase (j), contacting phase. As a result, the total surface free energy

of a phase (i) is

pTOT = y LW 8B — LW ooty 12 2.7)

The values of ™%, yi"and y;” can be determined by using the contact angle 6 and

“Complete Young Equation” [91],

(1+cosOyy " =2 [(r™™ 1™ + 'y + (v H'? (2.8)
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The LW component of a solid surfaces (i) can also be found from the contact angle

Lw

of a non-polar liquid (j), where 'YiTOT:'Yj , on the solid surface. In this case

Equation (2.8) reduces to,

(I+oosO)y ™" = 20"y (29

As a result, the LW component of a solid surface can be calculated by applying the

contact angle of a non-polar liquid on the solid surface in Equation (2.9).

For a bipolar liquid (L) contacting with the solid (S), with surface tension vy, acidic
and basic surface parameters y; and y., respectively, and non-polar surface

component, v, =", the complete equation to be considered is as follows,

(1+cosOu)y " =2 [y Vys™) 2 + (v 'vs)"* + (rysH' ] (2.10)

which can be constructed to form a set of two simultaneous equation, in terms of the
parameters of the solid ys’, ys" and two advancing contact angles 0; and 0,, which
are measured on the solid surface. These two equations can then be simultaneously
solved for ys” and ys™ provided that the yi"", y;"and y; for the probe liquids are
known [47].

Providing the known surface components of the contacting phases (i.e. polymer and
fiber), the work of adhesion (W,) between phase 1 and phase 2 can be calculated

from the summation of dispersive and acid/base components by using [92],

LW LW 12 12 172
W= W W =2 [ ) ) T D) (210
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2.3.4.2 Interfacial Strength Measurement

Mechanical tests that are most commonly used for determining the strength of
fiber/matrix interphase in the field of composites materials are (see Figure 2.14)

[89]:
a. Tests on real composites

= Short beam flexural test
= Josipescus’s test
= Transverse and off-axial tensile test

b. Tests on model composites

= Pull-out and micro-droplet tests

» Micro-indentation

» Fragmentation test

» Determination of fiber strain in single fiber composites by Raman

spectroscopy

In this study, because of ease of application, short beam flexural test was selected.
The measurement is performed applying a three point bending method on a short
beam with the span-to-depth ratio chosen to produce interlaminar shear failure.
Parallel fibers are oriented in the direction perpendicular to the axis of the supports.

From the elastic analysis of bending of beam, the apparent interlaminar shear

strength Trss 1s given by

T =0.75— (2.12)
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where F is the rupture force in Newton (N) and A 1is the cross-sectional area of the
beam [93]. This method is often used in industry to control the desired adhesion

level due to its ease.

Force
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Figure 2.14 Schematic representation of mechanical tests used for determination of
interphase strength where, (a). Fragmentation, (b). Pullout, (c). Micro-droplet, (d).

Short Beam Flexural Test, (). losipescus’s test

This study focuses on the improvement of the fiber/matrix adhesion in ABS/SGF
and ABS/PA6/SGF composites by treating fiber surface with a compatible

organosilane to promote interfacial interactions of GF/ABS and GF/PA6. Therefore,
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the adhesion capacities of different coupling agents were examined experimentally.
The coupling agent, which exhibited the best adhesion performance, was used for
SGFs in compounding experiments with the polymeric matrices (i.e. ABS or

ABS/PAG6 blends) in the further studies.

2.4 Polymer Layered Silicate Nanocomposites

Composites that exhibit a change in composition and structure over a nanometer
length scale have been shown over the last ten years to afford remarkable property

enhancements relative to conventionally-scaled composites [94].

Nanocomposites can be considered as solid structures with nanometer-scale
dimensional repeat distances between the phases that constitute the structure [95].
This term is commonly used in distinct areas of materials science: ceramics, metals
and polymers; but polymers have been the most intriguing and focused subject in
nanocomposite technology. There are a number of types of nanocomposites
classified by nanofiller dimensionality. Zero dimensional (nanoparticle), one
dimensional (nanofiber), two dimensional (nanolayer) and three-dimensional

(interpenetrating network) systems can all be imagined [96].

Polymer layered silicate nanocomposites are two dimensional systems, consisting of
silicate layers of nanometer thickness with high aspect ratio (30-10000) and surface
area dispersed in a polymer matrix. Although the history of polymer layered silicate
nanocomposites dates back to 1950’s, it was not until Toyota researchers began a

detailed examination that pioneered revival of these materials [97, 98].
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2.4.1 Clays

Clay is a hydrous aluminum silicate in which alkalies or alkaline earths are also
present. Clay may be amorphous (allophone), crystalline (kaolinite, hollocite,
montmorillonite, vermiculite), mixed-layer type (chlorite) or chain structured
(attapulgate). These minerals, which are widely distributed geographically
throughout the world, are the natural decomposition products of feldspar, and

include kaolins (kaolinite, dickite, nacrite) [99].

Many clays have a sheet like (layered structure), and consist of silicon tetrahedra
bonded to alumina octahedra in a variety of ways. A 2:1 ratio of the tetrahedral to
the octahedral results in smectite clays, the most common of which is

montmorillonite obtained from a rock called bentonite [100].

2.4.1.1 Clay Structure

The montmorillonite crystal lattice consists of 1 nm thin layers, with a central
octahedral sheet of alumina fused between two external silica tetrahedral sheets
(in such a way, so that the oxygens from the octahedral sheet also belong to the
silica tetrahedral) [101]. Isomorphous substitutions of Sis" for Al;" in the tetrahedral
lattice and of Al;" for Mgz+ in the octahedral sheet, cause an excess of negative
charges within the montmorillonite layers. This excess charge is counterbalanced by
alkali or alkaline earth cations situated within the layers. This structure is shown in
Figure 2.15. Due to the high hdyrophilicity of the clay, water molecules are usually
also present between the layers. Stacking of the layers leads to regular van der
Waals gaps called interlayers or galleries. The sum of the single layer thickness (9.6
A) and the interlayer is called d-spacing (basal spacing) [102]. Montmorillonite has
very high surface area: about 750 m*/g, a large aspect ratio: greater than 50, a

platelet thickness of 10 A (1 nm) [102].
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Figure 2.15 Idealized structure of 2:1 layered silicate showing two tetrahedral-site

sheets fused to an octahedral-site sheet [102]

2.4.1.2 Cation Exchange Process

Montmorillonite is characterized by a moderate negative surface charge (known as
cation exchange capacity, CEC, and expressed in meq/100g). The charge of the
layer is not locally constant as it varies from layer to layer and must rather be
considered as an average value over the whole crystals. Montmorillonite layers sorb
certain cations and keep them in an exchangeable state. These exchangeable cations
are usually Na®, Ca”, Mg™, H', K" and NH," [102]. One important consequence of
the charged nature of clays is that they are generally highly hydrophilic species and
therefore naturally incompatible with a wide range of polymer types [102]. In order
to render these hydrophilic phyllosilicates organophilic, hydrated cations of the
interlayer can be exchanged with cationic surfactants such as alkylammonium or
alkylphosphonium (onium). The modified clay (or organoclay) being organophilic,
its surface energy is lowered and is more compatible with organic polymers [102].

This process is schematically illustrated in Figure 2.16.
Alkylammonium ions have a general formula CH3-(CH2)n-NH3+ where n is between

1 and 18. The length of the ammonium ions has a strong impact on the resulting

structure of a nanocomposite [102].
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Figure 2.16 The cation-exchange process between alkylammonium ions and cations

initially intercalated between the clay layers [102]

2.4.2 Nanocomposite Synthesis Methods

Several strategies can be used to prepare polymer layered silicate nanocomposites.

Three methods are mainly used.

2.4.2.1 In-Situ Polymerization

In-situ polymerization was the first method used to synthesize polymer-clay
nanocomposites based on polyamide-6. Nowadays it is the conventional process
used to synthesize thermoset-clay nanocomposites [102]. The modified layered
silicate is swollen by a liquid monomer or a monomer solution. The monomer
migrates into the galleries of the layered silicate, so that the polymerization can
occur within the intercalated sheets. The polymerization reaction leads to the
delamination of the clay [102]. The polymerization reaction can be carried out by
heat, radiation or a suitable initiator. This process is schematically illustrated in

Figure 2.17.
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Figure 2.17 Schematic representation of PLS obtained by in situ polymerization

[102]

2.4.2.2 Solution Method

It is well known that such layered silicates, owing to the weak forces that stack the
layers together can be easily dispersed in an adequate solvent [42]. Then the
polymer dissolved in the solvent, is added to the solution and intercalates between
the clay layers. The last step consists of removing the solvent by evaporation under
vacuum. Nanocomposites, based on untreated clays can also be synthesized using

this approach [102]. This process is schematically illustrated in Figure 2.18.

desmbecl

solvent

organophilic clay polymer molecules .
Intercalation Evaporation

solvated solvated

Figure 2.18 Schematic representation of the intercalation of the polymer by the

solution approach [102]
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2.4.2.3 Melt Intercalation

The layered silicate is mixed with the polymer matrix in the molten state. Under
these conditions, if the layer surfaces are sufficiently compatible with the chosen
polymer, the polymer can crawl into the interlayer surface to form either an
intercalated or an exfoliated nanocomposite. This process is schematically
illustrated in Figure 2.19. In this technique, no solvent is required [42]. Due to its
great potential in industrial applications, the melt intercalation process has become

increasingly popular.
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Figure 2.19 Schematic representation of PLS obtained by polymer melt

intercalation process [102]

2.4.3 Nanocomposite Structures

The essence of nanotechnology is the ability to work at the molecular level to create
large structures with fundamentally new molecular organization [103]. The small
size provides that the particles do not create large stress concentrations and leads to

an exceptionally large interfacial area [41].

Three main types of composites can be obtained when a layered silicate is dispersed

in a polymer matrix. This dominantly depends on the nature of the components used
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including polymer matrix, layered silicate, and organic cation [104]. The choice of

method for making a nanocomposite depends on the final form of the hybrid.

2.4.3.1 Conventional

If the clay particles are dispersed as tactoids in the polymer matrix; i.e. if the clay

layers are not separated, a microcomposite structure is obtained. The clay acts as

conventional filler in this case (see Figure 2.20) [102].

Figure 2.20 Schematic representation of conventional composites with organoclays

in polymer matrix

2.4.3.2 Intercalated
In an intercalated system, the polymer swells the galleries of the silicate layers but

preserves the stacking of layers [105]. The resulting structure is a multilayered

system built up with alternating polymeric and inorganic layers (see Figure 2.21).
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Figure 2.21 Schematic representation of intercalated nanocomposites with

organoclays in polymer matrix

2.4.3.3 Exfoliated (Delaminated)

Exfoliated or delaminated structures are obtained when the silicates are completely
and uniformly dispersed in the continuous polymer matrix. This structure is of
particular interest because it maximizes the polymer-clay interaction surface area

(Figure 2.22).
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Figure 2.22 Schematic representation of exfoliated nanocomposites with

organoclays in polymer matrix

The mechanism leads to exfoliation of the organoclays was proposed by Paul and
co-workers [98]. According to this proposal, the organoclay particle at an
agglomerate size of 8 microns are broken into silicate stacks by means of shear

imposed by processing device (i.e. twin screw extruder). Further shearing of the
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stacks results in a decrease in the size, but this is not enough to delaminate.
Delamination is a process controlled by shear together with the chemical affinity
which enforces polymer chains to diffuse between clay layers. Diffusion can be
controlled by proper selection of the organoclay and arranging the residence time. If
the organoclay and the polymer is compatible and the residence time is enough,
then polymer chains diffuse through the clay platelets. Diffusion in combination
with shear leads to exfoliation as a result of pealing apart of the platelets. This

procedure is illustrated in Figure 2.23.
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Figure 2.23 Schematic of exfoliation mechanism of organoclays in melt

intercalation [98]

2.5 Experimental Techniques

The experimental techniques used to characterize the polymer blends, short glass
fiber reinforced polymer composites and organoclay based nanocomposites
investigated in this dissertation are discussed here. Some specific experimental

methods, such as impact fracture toughness, optical microscopy, tensiometry,
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Fourier transformation infrared spectroscopy, short beam fracture test and image

analysis are discussed in the Experimental part (Chapter 3).

2.5.1 Mechanical Properties
2.5.1.1 Tensile Tests

Standard test method for tensile properties (ASTM D 638M-91a) employs samples
of a specified shape, typically a dog-bone [106]. The sample is clamped at one end

and pulled at a constant rate of elongation until the center of the specimen fails.

The initial length of a central section contained within the narrow region of the
tensile specimen is called the initial gauge length, Lo. During deformation, force F,
is measured as a function of elongation at the fixed end by means of a transducer.

Usually, the tensile response is plotted as nominal stress ¢, versus nominal strain g,

6 =F/A, (2.13)
¢=AL/L, (2.14)

where Ay is the original (undeformed) cross-sectional area of the gauge region and
AL 1is the change in sample gauge length (L-Lo) due to the deformation [106].
Figure 2.24 represents the stress-strain behavior over the entire strain range for a

typical polymeric material.

Tensile stress (nominal), ¢ is the tensile load per unit area of minimum original
cross-section, within the gauge boundaries, carried by the test specimen at any
given moment. It is expressed in force per unit area, usually megapascals (MPa =

N/mm?), (Equation 2.13).
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Figure 2.24 Stress-strain behavior over the entire strain range for a typical

polymeric material [107]

Tensile strength (nominal), o, is the maximum tensile stress sustained by the
specimen during a tension test. When the maximum stress occurs at the yield point,
it is designated tensile strength at yield. When the maximum stress occurs at break,

it is designated tensile strength at break.

Tensile strain, ¢ is the ratio of the elongation to the gauge length of the test
specimen, that is, the change in length per unit of original length. It is expressed as

a dimensionless ratio (Equation 2.14).

It is seen in Equation 2.15 that modulus of elasticity, E is the ratio of stress
(nominal) to corresponding strain below the proportional limit of a material. It is
expressed in force per unit area, usually megapascals. It is also known as elastic

modulus or Young’s modulus [108].
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E=o0/¢ (2.15)
In this study, tensile tests were applied to ABS, PA6, ABS/PA6 blends, their short

glass fiber reinforced composites and nanocomposites.

2.5.1.2 Flexural Tests

ASTM D790M-92 test methods cover the determination of flexural properties of
unreinforced and reinforced plastics and electrical insulating materials using a

three-point or four-point loading system [109].

Three-point loading system utilizes center loading on a simply supported beam
[109]. At the point of loading, the top surface of the specimen is placed in a state of
compression, whereas the bottom surface is in tension (Figure 2.26). Stress is
computed from the specimen thickness, the bending moment and the moment of
inertia of the cross-section. The maximum tensile stress exists at the bottom

specimen surface directly below the point of load application [110].

. TLoad
Compressive forces Neutral axis

Tensile forces

Figure 2.26 The stresses on the sample during flexural testing
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Flexural strength is equal to the maximum stress in the outer fibers at the moment

of break. It is calculated by the following equation;

S = 3PL/2bd* (2.16)

where S is the stress in the outer fibers at midspan (MPa), P is the load at a given
point on the load-deflection curve (N), L is the support span (mm), b is width of
beam tested (mm) and d is depth of beam tested (mm).

The maximum strain in the outer fibers occurs at midspan as well, and may be

calculated as follows;

r=6Dd/L’ (2.17)

where r is the maximum strain in the outer fibers (mm/mm), D is the maximum
deflection of the center of the beam (mm), L is the support span (mm), and d is

depth of beam tested (mm).

The tangent modulus of elasticity (flexural modulus) is the ratio, within the elastic
limit of stress to corresponding strain and shall be expressed in megapascals. It is
calculated by drawing a tangent to the steepest initial straight-line portion of the

load-deflection curve and using Equation 2.18.

Eg = L’m/4bd’ (2.18)

where Eg is modulus of elasticity in bending (MPa), L is support span (mm), b is
width of beam tested (mm), d is depth of beam tested (mm), and m is slope of the
tangent to the initial straight line portion of the load-deflection curve (N/mm) [111].

In this study, flexural tests were applied to short glass fiber reinforced ABS, PA6
and ABS/PAG6 blends.
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2.5.1.3 Impact Tests

Impact tests measure the energy required for failure when a standard specimen
receives a rapid stress loading. The impact strength of a polymer can be measured
employing a number of techniques including the Izod and the Charpy tests [112].
For both the Izod and Charpy tests a hammer like weight strikes a specimen and the
energy-to-break is determined from the loss in the kinetic energy of the hammer.
Other variations include the falling ball or dart test, whereby the energy-to-break is
determined from the weight of the ball and the height from which it is dropped.

The most popular impact tests are Izod and Charpy impact tests specified in ASTM
D256-92 [113]. In this study, Charpy impact test was applied to the ABS, PA6,
ABS/PA6 blends and their short glass fiber reinforced composites in order to

determine their impact strengths.

2.5.2 Scanning Electron Microscopy (SEM)

Due to the great depth of focus, relatively simple image interpretation and ease of
sample preparation, SEM is the preferred technique for viewing specimen detail at a
resolution well exceeding that of the light microscope. The SEM images vividly
display the three-dimensional characteristics of the object surface under

examination [114].

In SEM analysis, the surface of a specimen to be examined is scanned with an
electron beam and the reflected (or back-scattered) beam of electrons is collected,
and then displayed at the same scanning rate on a cathode ray tube. The image on
the screen, which may be photographed, represents the surface features of the
specimen. The surface may or may not be polished and etched, but it must be

electrically conductive; a very thin metallic surface coating must be applied to
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nonconductive materials. Magnifications ranging from 10 to in excess of 50000

diameters are possible [110].

In this study, SEM analysis was conducted to ABS, PA6, ABS/PA6 blends, their
short glass fiber reinforced composites and nanocomposites in order to observe their

fracture morphologies.

2.5.3 Transmittance Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is an imaging technique whereby a beam
of electrons is focused onto a specimen causing an enlarged version to appear on a
fluorescent screen or layer of photographic film (see electron microscope), or to be

detected by a CCD camera [115].

The wavelength of electrons is dependent on their energy, and so can be tuned by
adjustment of accelerating fields, and can be much smaller than that of light, yet
they can still interact with the sample due to their electrical charge. Electrons are
generated by a process known as thermionic discharge in the same manner as the
cathode in a cathode ray tube, or by field emission; they are then accelerated by an
electric field and focused by electrical and magnetic fields onto the sample. The
electrons can be focused onto the sample providing a resolution far better than is
possible with light microscopes, and with improved depth of vision. Details of a
sample can be enhanced in light microscopy by the use of stains; similarly with
electron microscopy, compounds of heavy metals such as lead or uranium can be
used to selectively deposit heavy atoms in the sample and enhance structural detail,
the dense electron clouds of the heavy atoms interacting strongly with the electron
beam. The electrons can be detected using a photographic film, or fluorescent
screen among other technologies [115]. Modern TEMs are often equipped with

specimen holders that allow the user to tilt the specimen to a range of angles in
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order to obtain specific diffraction conditions, and apertures placed below the

specimen allow the user to select electrons diffracted in a particular direction [115].

2.5.4 X-Ray Diffraction (XRD)

The method of x-ray diffraction and scattering is one of the oldest and most widely
used techniques available for the study of polymer structures. A beam of x-rays
incident to a material is partly absorbed and partly scattered, and the rest is
transmitted unmodified. The scattering of X-rays occurs as a result of interaction
with electrons in the material. The x-rays scattered from different electrons interfere
with each other and produce a diffraction pattern that varies with scattering angle.
The variation of the scattered and diffracted intensity with angle provides
information on the electron density distribution and hence the atomic positions
within the material [114]. X-ray diffraction is used to determine the identity of
crystalline phases in a multiphase sample and the atomic and molecular structures
of single crystals. It can also be used to determine structural details of polymers,

fibers, thin films and amorphous solids and to study stress, texture and particle size.

In the spectrum of electromagnetic radiation, x-rays lie between the ultraviolet rays
and gamma rays. Those x-rays used for structure analysis have wavelengths A in the
range of 0.05-0.25 nm. Most work on polymers is done with the CuKo emission

line, a doublet with an average wavelength equal to 0.154 nm [114].

Figure 2.27 shows the diffraction from two scattering planes (i.e. two consecutive
clay layers or other crystallographic planes of the layers themselves) that are
separated by a distance d (i.e. interlamellar spacing or d-spacing) and intercept X-
rays of wavelength A at the incident angle ©. The experimental 20, value is the
angle between the diffracted and incoming x-ray waves. The wave normals connect
points of identical phase for incident and diffracted waves. Since the direction of d

is normal to the planes, and the wave normal is normal to the wavelets, the angles
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opposite A and B are also ©. Thus, sin© = A/d = B/d so that (A+B) = 2dsin©. Thus,

a constructive interference occurs when:

n\ = 2dsin© (2.19)

This equation is known as the Bragg Law. The integer n refers to the degree of the
diffraction [114].
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Figure 2.27 Principle of X-Ray diffraction [114]

In this thesis, XRD method was used to measure the basal spacing, which is the
distance between the platelets of organoclays, for the characterization of ABS, PA6
and ABS/PA6 blends based nanocomposites. This method helps experimenter to
decide the type of the nanocomposites formed, i.e. conventional, intercalated or
exfoliated. When XRD pattern of an organically modified clay is considered,
usually it gives a sharp characteristic peak which indicates the original basal
spacing of the clay (see Figure 2.28-a). If original peak shifts after processing to a
lower 20 values, it means that the basal spacing increased and intercalated
nanocomposites are formed because of the diffusion of the polymer between clay

layers by means of the shear [43] (see Figure 2.28-b). If this peak disappears after
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processing, it means that the clay layers are dispersed into single layers. This is the

case of exfoliated nanocomposites (see Figure 2.28-c).
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Figure 2.28 Representation of XRD responses of nanocomposites

2.5.5 Melt Flow Index (MFI) Test

The melt index is not an intrinsic or fundamental property of a polymer. It is rather
a conventional property of a polymer for expressing important flow characteristics
[112]. The melt index, also known as melt flow rate, test measures the rate of
extrusion of a thermoplastic material through an orifice of standard diameter under

prescribed conditions of temperature and load [116]. The weight of the material
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extruded during the specified time is the melt index expressed in grams per ten

minutes.

2.5.6 Thermal Analysis Methods

2.5.6.1 Differential Scanning Calorimeter (DSC) Analysis

The differential scanning calorimeter (DSC) is the instrument that has dominated
the field of thermal analysis in the past decade. The term DSC was coined in 1963
at Perkin-Elmer to describe a new thermal analyzer they had developed [117]. It
measures heat flows and temperatures associated with exothermic and endothermic
transitions. The ease with which important properties such as transitions, heat
capacity, reaction, and crystallization kinetics are characterized has made the DSC

widely used in the plastics laboratory [118].

In DSC analysis, two identical small sample pans are instrumented to operate at the
same temperature and can be programmed up or down in temperature at the same
rate. A sample is placed in one, and the other is left empty. Instrumentation is
provided to measure the electrical power necessary to keep the two sample pans at
the same temperature. If a temperature is encountered at which the sample
undergoes a change of phase or state, more or less power will be needed to keep the
sample pan at the same temperature as the reference pan (depending on whether the
reaction is exothermic or endothermic). Since power is the value being recorded, the
area under the peak is the electrical equivalent of the heat of the reaction. To
measure heat capacity in this calorimeter, the sample pan and reference pan are first
brought to some temperature and then heated at some constant rate. Since the
reference pan is empty, it will require a smaller amount of electrical power to

achieve this rate [119].
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Some advantages of the differential scanning calorimeter are that relatively short
times are required to make a determination and that small sample size is sufficient.

The disadvantage is that it is a comparative rather than an absolute method.

DSC is routinely used for investigation, selection, comparison, and end-use
performance of materials. It is used in academic, industrial, and government
research facilities, as well as quality control and production operations. Material
properties measured include glass transitions, melting point, freezing point, boiling
point, decomposition point, crystallization, phase changes, melting, crystallization,

product stability, cure and cure kinetics, and oxidative stability.

Crystallization

Glass transition

Melting

Exothermic Heat Flow

Ton!

Temperature

Figure 2.29 Schematic of DSC curve

At T,, the heat capacity of the sample suddenly increases, requiring more power
(relative to the reference) to maintain the temperatures the same. This differential

heat flow to the sample (endothermic) causes a drop in the DSC curve (Figure 2.29).
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At Ty, the sample crystals want to melt at constant temperature, so a sudden input
of large amounts of heat is required to keep the sample temperature even with the
reference temperature. This results in the characteristic endothermic melting peak.
Crystallization, in which large amounts of heat are given off at constant temperature,
gives rise to a similar but exothermic peak. By measuring the net energy flow to or

from the sample, heat capacities and heat of fusion can be determined [120].

2.5.6.1 Dynamic Mechanical Analysis (DMA)

Polymeric materials may be subjected to variable loading at a moderately high
frequency. In order to study the response of these materials to such variable loading
dynamic mechanical analysis (DMA) is carried out. In DMA a low stress is applied
to the material in a sinusoidal fashion. For a perfectly elastic material, stress and
strain are perfectly in phase since strain is directly proportional to stress. For a
perfectly viscous fluid, the strain will lag behind the stress by a phase angle of 90°.
For a polymeric material, the response to a variable load is a combination of elastic
and viscous responses, i.e. they show elasticity to some extent and also flow to
some extent and the strain lags behind the stress by a phase angle. Thus polymeric
materials are named viscoelastic. The typical response of stress and strain with time

for a polymeric material is shown in Figure 2.30.
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Figure 2.30 Response of stress and strain with time for a typical polycrystalline

polymer above T,

It is seen that for a polymeric material the strain lags behind the stress by some
phase angle, 9, between 0° and 90°. This lagging of the strain behind the applied
stress can be considered as a damping process [121]. The strain and the stress can

be written as follows:

€= gpsin{mt) (2.20)

6 = oo sin(wt + &) = gp sinpt*cosd + gy cosmt*sing (2.21)

Here, ® and t are frequency and time of measurement, respectively. As seen in
Equation (2.21) stress is composed of two components:
= oo cosdo component which is in-phase with the strain is called as the storage

component (elastic component) of stress and the corresponding modulus is

called as storage modulus, E'.
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= gpsind component which is 90° out of phase with the strain is called as the loss
component of stress and the corresponding modulus is called as loss modulus,

E".

In terms of the moduli, the stress can be written as

o= g E'sinwt + g E"cosmt (2.22)

The phase angle is then given by tand = E"/E' which is the amount of energy
dissipated as heat during the loading/unloading cycle and thus gives a direct
measure of the damping effect in the polymer. From the above discussion, it is
apparent that for a perfectly elastic material tand is zero whereas for a perfectly
viscous material tand is infinite. Thus in DMA, elastic modulus (E') and loss
modulus (E") are calculated by studying the response of the material to a sine wave.
These moduli helps to study the ability of the material to store energy (E'), ability to
lose energy (E"), and the damping behaviour from the ratio of loss and storage
moduli (tand) and moreover, the peak point of tand vs. temperature gives the T, of

the material [122].

When completely miscible two polymers are blended together, a single T, is
observed. The T, of the resulting system is located between the T,'s of the parent
materials in proportion to the amount of each phase present in the blend. If two
polymers are not miscible, then resulting blend exhibits two glass transitions
corresponding to those of the parent polymers. Intermediate cases exist where the
polymers are partially miscible so that two T,'s are still observed but they are

moved towards that of the ideally miscible blend.
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2.5.7 Impact Essential Work of Fracture Toughness Method

The toughness of the materials are generally characterized by standard impact tests
such as notched/unnotched Izod or Charpy testing according to relevant standard
methods. These tests are practical, industry-friendly, the results obtained from these
tests are comparable to each other and they do not require any complicated
experimental systems. However, the fracture energies obtained by these tests are not
a material property and depend on various parameters such as material dimensions,
crack geometry and rate of deformation. Moreover, they provide limited
information about the fracture behaviour of ductile materials under stress in the

presence of a crack [123].

There is a tendency toward the use of methods of fracture mechanics, which are
especially designed for metals, in polymer science to characterize the fracture
behaviour and fracture toughness [124-131]. The techniques offered by linear
elastic fracture mechanics (LEFM) could be utilized for better characterization of
these properties, if the condition were well-suited. It needs to be ensured that the
test sample must be in a state of plane strain which generally occurs in very thick
samples that are difficult to obtain conventional injection molding process in order
to satisfy the small scale yield criterion [132, 133]. Recently, J-integral method has
been proposed to characterize ductile polymeric materials in which plane-strain
toughness value can be obtained at relatively low thickness with respect to LEFM
[133, 134]. However, this method requires more sophisticated equipments to

measure precisely the crack propagation at very slow rate of deformations.

Essential Work of Fracture (EWF) methodology was developed to characterize the
fracture toughness of ductile polymers and tough composites in a practical manner.
According to this technique, the energy to break a sample was partitioned into an
essential work done in the fracture zone to create new surfaces and a non-essential
work done in the outer plastic zone [135-140]. The total fracture energy W, can be

written as follows:
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W, =W,+W, (2.23)

where the essential work, I, is surface related and non-essential, ,, is volume

related. Equation (2.23) can be expressed in terms of specific energies:
W, = we€t+wpﬂ€2t (2.24)

where w, and w, are specific essential work (energy/area) and specific non-essential
work (energy/volume), respectively, ¢ is ligament length, ¢ is sample thickness and
[ shape factor of plastic zone. A typical sample for EWF analysis is shown in
Figure 2.31 and the notch geometry is shown in Figure 2.32. Normalizing Equation

(2.24) by ¢t results in:

w,=w,+w, Bl (2.25)

where wy is specific total work of fracture (energy/area). If the specific fracture
energies of a material is obtained for different ligament lengths, according to

Equation (2.25), plots of / versus wy can yield a straight line with slope of w, A

and intercept of w,. The specific essential work term is a material constant.
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Figure 2.31 Specimen geometry for the impact essential work of fracture method

(The term ‘a’ is the depth of the notch)

Figure 2.32 Optical micrographs of a.) Notch without pre-crack and b.) Notch with

pre-crack

The recently established protocol has stated several important criteria that must be
satisfied in order to apply the EWF methodology to evaluate fracture toughness
[141]. They are summarized as follows:

1.) The specimen ligament must fully yield prior to fracture initiation.
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11.) The specimen ligament must be proportional to essential work
performed in the process zone.
iii.)  Size of the outer fracture zone surrounding the fracture ligament must

scale with the square of the ligament length.

In addition to that, Mai have recently mentioned that EWF methodology can not be
applied if the two halves of the specimen are not separated after testing [142]. The
valid range of ligament length under plane stress conditions is given by the

condition stated below:
. B
B-5t<r< mln(?,2rp) (2.26)

where B is the width of the sample and 2r, is the size of the plastic zone [143-145].
When these conditions are satisfied, EWF methodology that consists of testing
specimens with different ligament lengths ( /), measuring the area under the Force
versus deformation curve to obtain fracture energy (W)), plotting specific fracture
energy (wy versus ligament length ( /) and evaluating the best linear line

performing regression becomes applicable.

The test method which is described here to determine the essential work of fracture
of ductile polymers has been used by many researchers and has been incorporated
in the European Structural Integrity Society (ESIS) Test Protocol for EWF under
quasi-static loading conditions [141-146]. However, once this concept was extended
to impact loading conditions, great attention was paid to this method due to its
simplicity and useful information that can be drawn out to understand fracture
behaviour of polymers, polymer blends and composites under high rate of

deformations.

62



The concept of EWF methodology was proved by many researchers [135-140, 147-
160]. The main difference in their approach is interpretation of the terms, loading

rate and mode, and sample geometries. Vu-Khanh’s Energy Equation [147]:

v G, +1TaA (2.27)
A 2

where A = /tis the area of the ligament, G; is fracture energy at crack initiation, 7,
is tearing modulus. The methodology proposed requires high speed testing of thick
samples in bending mode. Recently Kudva et. al. [160] has proposed different
nomenclature. Due to the insatisfaction in the yielding criterion in their system,

they used the expression given by Equation (2.25).

U

—=u, +u,l 2.28
A o d ( )

where U/A 1is total fracture energy per unit area, ¢ is the ligament length, u, is the
limiting specific fracture energy, uq4 is the dissipative energy density. These should

be regarded as phenomenological parameters where, in certain cases, u, = w, and

u, =pw,.

2.6 Polymer Extrusion

This process is used to obtain significant quantities of plastic products in the form
of film, sheet, and profiles, but it is also used to produce the plastic pellets that are
later used by all the other plastics manufacturing processes. In addition to the
shaping of parts by the extrusion process, extrusion is the most efficient and widely
used process for melting plastic resin as part of the process of adding or mixing

fillers, colorants, and other additives into the molten plastics. Extrusion can be used
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to shape the part directly after this mixing or an extruder can be used as the melting

device that is coupled with other shaping processes.

In normal plastics extrusion, plastics granules or pellets and any other materials to
be mixed with them are fed into a hopper attached to the extrusion machine. From
the hopper the materials falls through a hole in the top of the extruder onto the
extrusion screw. This screw, that turns inside the extruder barrel, conveys the
plastic forward into a heated region of the barrel where the combination of external
heating and heating from viscous dissipation melts the plastic. The screw moves the
molten plastic until it exists through a hole in the end of the extruder barrel to which
a die has been attached. The die imparts a shape to the molten plastic stream which

is immediately cooled by a water bath [161].

The components of the extruder are, control panel, feeders, screw, barrel and die.
The control panel consists of different indicators to control the extrusion process. It
is possible to adjust the temperature, screw speed and feeding rate with the control
panel. Moreover, pressure of the die, temperature of the zones and torque can be

monitored.

The screw is the main part of the extruder which directly affects the performance of
the machine. It performs a number functions such as; conveying the plastic pellets,
melting the material, conveying the molten material, and mixing the plastic melt to
obtain homogeneity. The screw is placed inside the cylinder extruder barrel. It
provides the bearing surface where shear is imparted to the plastic granules. The
barrel consists of cast or fabricated steel sections and a smooth inner liner, often
made of a wear-resistant material. Heating and cooling media surrounds the barrel

to keep it at the desired temperatures.

The polymer is shaped in the die zone. The objective of an extrusion die is to
distribute the polymer melt in the flow channel in such a way that the material exits

from the die with a uniform velocity. The polymer melt is forced through the die by
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means of the die-head pressure [161]. There are tremendous die design and
applications such as compounding, (coloring and blending of melts, additives, and

fillers), sheet, film, coatings, pipe, and rod.

Screw extruders are divided into single screw and multi screw extruders. Single
screw extruders are generally used for shaping and multi screw extruders are

generally used for mixing (compounding).

2.6.1 Twin Screw Extruders

Although twin-screw extruders are used less than single-screw extruders they are
widely employed for difficult compounding applications, devolatilization, chemical
reaction, and profile extrusion of thermally sensitive materials in the polymer

processing industry [161].

The complex flow patterns in twin screw extruders have several advantages, such as
good mixing, good heat transfer, large melting capacity, good devolatilization
capacity, and good control over stock temperatures [161]. Type of transport in
extruder is different in single screw and twin screw extruders. Material transport in
single screw extruder is by frictional drag in solid conveying zone and viscous drag
in the melt conveying zone. On the other hand, the transport in an intermeshing twin
screw extruder is a positive displacement type of transport [161]. There is a
tremendous variety of twin screw extruders, with vast differences in design,
principle of operation, and field of applications. The twin screw construction
substantially increases the number of design variables, such as direction of rotation,
intermeshing, non-intermeshing, etc. [161]. There are two different patterns for
intermeshing twin screw extruders according to the direction of rotation of the
screws: co-rotating, and counter rotating twin screw extruders. Figure 2.33 shows

intermeshing co-rotating and counter-rotating twin screws.
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Figure 2.33 Intermeshing twin screw extruder (a) Co-rotating and (b) Counter-

rotating

Co-rotating twin screw extruders in which both screw rotate in the same direction,
are typically used in applications where mixing and compounding need to be
accomplished in addition to the molding of the plastic melt. They are highly capable
of dispersing small agglomerates such as carbon black or clay [161]. In the other
intermeshing type, the screws rotate counter to each other, one rotates clockwise
and the other counterclockwise thus it is called counter rotating extruder. In this
type, material is brought to the junction of the two screws and a material bank
occurs on the top of the junction. Only a small amount of material passes between
the screws so the total shear applied to material is lower than the single screw
extruders and co-rotating twin screw extruders. Most of the material in the bank

along the junction of the screws is simply carried toward the end of the extruder.
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Hence, pumping is more efficient in counter-rotating screw systems than in co-

rotating systems [161].

2.7 Laboratory Scale Mixing Devices

Laboratory-scale mixing devices, which serve as cost and time efficient research
facilities, provide possibilities of processing a few grams of material and they have
the capability of continuous or batch processing with the same thermal environment
as a conventional extruder [162, 163]. It enables researchers to use these micro-
devices as a fast screening tool in the field of polymer based nanocomposite
development [162-168]. There are few number of studies focused on the design and
mixing behaviour of these small scale mixing devices. Walia et al. compared the
mixing efficiency of a batch mixer and mini-compounder during preparation of
poly(methyl methacrylate)/polystyrene blends [165]. They reported that from
distributive mixing point of view, the micro-compounder mixed similarly to the
batch mixer under favourable mixing conditions, on the other hand micro-
compounder performed less favourably compared to batch mixer under challenging
mixing conditions. Maric et al. investigated the mixing-ability of the laboratory
mixing devices (i.e batch mixer, twin screw mini compounder, a lab-scale
conventional twin screw extruder and a minimixer mixing by the help of steel balls)
in polystyrene/poly(dimethyl siloxane) blends [169]. It was concluded in their study
that the twin screw extruder resulted in the finest particle size among the others.
The other mixing equipments lead to similar particle sizes. Breuer and coworkers
designed and tested a new miniature mixer for specially polymer blends and
nanocomposites [170]. Their new mixing device has a capacity of approximately 2
gr of material. The mixer has an asymmetrically designed rotor and it was claimed
to support complex flow modes providing dispersive mixing. The tests conducted
by the authors showed that small dispersed phase size of polypropylene/polyamide
and polystyrene/polypropylene immiscible blends which was superior to the other

compared mixing devices such as internal mixers and conventional extruders.
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Nanocomposites prepared in this new miniature extruder exhibited well-distribution

under high shear conditions.

In this study, a conical mini twin screw extruder (micro-compounder, hereafter)
with a recirculation facility was utilized as the processing device for the production
of nanocomposites. Beyond the advantages of this device (i.e. cost and time
efficient processing), there appear also some potential disadvantages. Completely-
flighted screws do not equipped with mixing elements, and consequently can not
create complex flow types which are more efficient in dispersive mixing. As a result
of similar geometrical design of two screws, the melt conveying characteristics are
analogous to each other; therefore, the melt conveying of this twin screw is also
similar to that of a single screw extruder if they have the same screw geometry [41,
171]. Addition of a distributive or dispersive mixing element resulting in a better
mixing is very well known [172]. Besides, average residence time in this lab-

extruder is obviously short, although it has recirculation facility.

2.8 Polymer Mixing

Mixing can be broadly defined as a process to reduce the non-uniformity of a
composition. The basic mechanism of mixing is to induce physical relative motion
of the ingredients. The convective mixing by laminar flow in polymer melts is the
dominant motion type. This is the type of mixing that can be realized in extrusion.
The mixing action generally occurs by shear flow and elongational flow. As a
consequence of these flow types, two types of mixing can be achieved: distributive

and dispersive mixing [172].

Distributive mixing aims to improve the spatial distribution of the components
without cohesive resistance playing a role; it is also called simple or extensive
mixing. On the other hand, in dispersive mixing, cohesive resistances have to be

overcome to achieve finer levels of dispersion; dispersive mixing is also called
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intensive mixing. The cohesive component can consist of agglomerates where a
certain minimum stress level is necessary to rupture the agglomerate. It can also be
droplets where minimum stresses are required to overcome the interfacial stresses

and deform the droplet to cause break-up [172].

Dispersive mixing, the desired mixing mode in polymer compounding and
blending, is usually more difficult to achieve than distributive mixing. Single screw
extruders are generally considered to be poor dispersive mixers while twin screw
compounding extruders have much better dispersive mixing capability. When the
mixing process in co-rotating twin screw extruders is analyzed, it is clear that the
main mixing action does not occur in the intermeshing region but in the region
between the pushing flight flank and the barrel. This is particularly true when the
flight helix angle is large. The reason that twin screw extruders make good
dispersive mixers is that the space between the pushing flight flank and the barrel is
wedge shaped and thus creates elongational flow as the material is force through the
flight clearance. Shear flow is not very efficient in achieving dispersive mixing
because particles in the fluid are not only sheared they are also rotated. In
elongational flow particles undergo a stretching type of deformation without any

rotation; rheologists call this “irrotational flow” (see Figure 2.34) [172].

B ¥e- SgP -+ ¢ v mmn .
77
7
(77 Dispersion in elongational flow

Figure 2.34 Dispersion in shear and elongation [172]
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CHAPTER 3

EXPERIMENTAL

Experimental part of this dissertation is divided into three parts. In the first part, the
materials and methods used to compatibilize and characterize the acrylonitrile-
butadiene-styrene (ABS)/polyamide-6 (PA6) blends are mentioned. In the following
part, the materials utilized and experimental procedures followed to prepare short
glass fiber reinforced ABS and ABS/PA6 blends are described. In the third part, the
details about the materials and the processing methods to produce ABS/PA6 blends

based nanocomposites are given.

3.1 Compatibilization of ABS/PA6 Blends

3.1.2 Materials and Processing

The materials used in this study are specified in Table 3.1. Prior to blending, ABS
and PA6 pellets were dried in vacuum at 80°C for 12 hours, ethylene-methyl
acrylate-glycidyl methacrylate (EMA-GMA) and ethylene-n butyl acrylate-carbon
monoxide-maleic anhydride (EnBACO-MAH) were dried at 50°C for 4 hours. The
ABS/PA6 ratio were 0/100, 20/80, 50/50, 80/20 and 100/0. The ABS/PA6 part was
(100-x) % of the blend, where x is the compatibilizer weight percent in the blend
which varied as 0, 5 and 10. ABS/PA6/Compatibilizer batches at prearranged
compositions were dry-mixed first, then processed in a co-rotating twin-screw
extruder (see Figure 3.1) (Thermoprism TSE 16 TC, L/D=24) at a screw speed of
200 rpm and a barrel temperature profile of 190-230-230-235-240°C. The extrudate

was water cooled and chopped into small pellets. The produced pellets were again
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vacuum-dried at 80°C for 12 hours prior to injection molding. The specimens for

mechanical and dynamic mechanical tests were molded by using a laboratory scale

injection-molding machine (see Figure 3.2) (Microinjector, Daca Instruments) at a

barrel temperature of 230°C and mold temperature of 80°C.

Table 3.1 Specifications of the materials used in the study

Trade Name and

Material Supplier Specifications
Density: 1.05 g/cm’
ABS Lustran ABS M203FC, MFI (220°C and 10 kg): 32.5 g/10min
Lanxess Standard impact strength, easy flowing
Density: 1.13 g/cm’
PA6 Teklamid 6, Polyone MEFT (235°C and 2.16 kg): 34.25 g/10min
Natural, unfilled, extrusion grade
MFI (190°C, 2.16 kg): 6 g/10min
Melting point: 65 °C
EMA-GMA Lotader 8900, Arkema Acrylic ester: 24 wt%
GMA content: 8 wt%
MFI (190°C, 2.16 kg): 8 g/10min
EnBACO-MAH gllf;:gtnd AMG423D, Melting point: 62 °C

MAH content: 16.6 mg KOH/g*

* Determined in our laboratory according to the procedure elsewhere [173].

Figure 3.1 A photograph of the twin-screw extruder
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Figure 3.2 Schematic representation of the injection molding machine

3.1.3 Characterization

3.1.3.1 Scanning Electron Microscopy (SEM) and Image Analysis

The cryogenically fractured sample surfaces were analyzed by using a low voltage
scanning electron microscopy (SEM) (JEOL JSM-6400) to observe the
morphologies of the blends. PA6 and ABS phases were etched by immersing the
fracture surfaces in formic acid for 15 minutes and in THF for 60 minutes,

respectively. To prevent arcing sample surfaces were coated with gold.

In order to calculate the apparent dispersed particle diameter, the area of the
particles was measured automatically using an image analyze software (Image J
1.36, USA). The operating principle of the image analyze software is configured on

the basis of color threshold between the particles to be measured and the matrix
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seen in the micrograph. Once the threshold is created, image analyzer marks
particles as ellipsoids and calculates their areas. The color threshold and marking

stages of image analysis are shown in Figure 3.3.

By using area of the each particle, their apparent diameters, dap,, wWere calculated

using Equation (3.1) by assuming globular particles:
dapp=2(A/m)""? (3.1)
where A is the area of the particle analyzed which was obtained as an output using

software. The distribution of dup, was obtained by measuring at least 300 particles.

The average apparent diameters, (dapp)ave, Were calculated using Equation (3.2):

(dapplave = (Xnid;)/(Xni) (3.2)

where n is the number of the particle with apparent diameter size, d.
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3.1.3.2 Differential Scanning Calorimeter (DSC)

Differential scanning calorimeter (DSC) analyses were carried out by using a Perkin
Elmer Diamond DSC at a scanning rate of 10°C/min between 25°C-250°C
temperature under N, atmosphere. The samples were first heated to 250°C and kept
at this temperature for 3 minutes to erase any thermal history, then cooled to room

temperature. They were again heated to 250°C as the second heating run.

3.1.3.3 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) tests were performed on rectangular samples
with the dimensions of 6 mm x 60 mm x 2 mm using Perkin Elmer Pyris Diamond
DMA instrument operating in bending mode. Measurements were taken at a
frequency of 1 Hz. Temperature was raised from -150°C to 150°C at a scanning rate

of 5°C/min.

3.1.3.4 Mechanical Properties

Tensile tests were carried out at room temperature according to ASTM D 658 using
Lloyd 30 K universal testing machine. The crosshead speed was 5 mm/min. At least
five samples were tested and average results with standard deviations were reported
for each type of blend. Charpy impact tests were performed by using a pendulum
impact tester of Coesfeld Material Test, according to the ASTM D 256 at room

temperature. The notches were machined according to the relevant standard.
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3.1.3.5 Impact Essential Work of Fracture Analysis

The extruded and pelletized blends were vacuum-dried at 80°C for 12 hours prior to
injection molding. The specimens for impact fracture tests were moulded by using a
laboratory scale injection-molding machine (DSM Xplore 12 ml injection molding
machine) at a barrel temperature of 230°C and mold temperature of 80°C. All the

injected moulded samples were kept in plastic bags at least 24 hour prior to testing.

The notches were first made by forming of a slot with a notcher (Notchvis, Ceast)
equipped with a V-shaped knife. Notches were sharpened by tapping a fresh razor
blade into the root of the notch. The exact notch lengths were measured under an
optical microscopy. To obtain total work of fracture energy, samples were tested
with a pendulum type Charpy impact tester (Resil Impactor, Ceast) equipped with
an instrumented hammer to measure the force vs displacement during the test. The
test speed was 3.5 m/s and the ambient temperature was 2543 °C. By the help of a
data acquisition system (DAS 16000, Ceast), the force versus displacement curves

and total fracture energies were obtained.

The notched Charpy impact tests were performed according to ASTM D 256 using
samples of 3 mm x 10 mm x 80 mm. Five samples were tested and average values

were reported.

The impact fractured sample surfaces were analyzed by using a low voltage
scanning electron microscope (SEM) (JEOL JSM-6400) to observe the
morphologies of the blends. To prevent arching, samples were coated with a thin

layer of gold.
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3.1.3.6 Fourier Transformation of Infrared Spectroscopy (FT-IR)

The injection molded tensile bars were peeled by a razor blade to remove the skin
part, then the core part was utilized to perform FT-IR Spectroscopy in attenuated
total reflectance (ATR) mode using IR-spectrometer (Bruker Optics Tensor Series).
The measurement was done at a resolution of 2 cm™ and with 32 scans. The wave

length range was 600 - 4000 cm™.

3.2 Short Glass Fiber Reinforced ABS and ABS/PA6 Blends

3.2.1 Materials

The natural, extrusion grade ABS (Tairilac®) resin used in this study was supplied
by EMAS Plastik Ltd. Sti. PA6 (Teklamide 6®) used in this study was obtained
from Tekno Polimer Ltd. For the preparation of the short glass fiber reinforced
ABS/PA6 blends, EnBACO-MAH was used as compatibilizer. The details about

this material are given in Table 3.1.

The continuous E-glass fiber strand used in surface free energy measurements was
supplied by Cam Elyaf A.S. with initial sizing of “styrylsilane/methacrylosilane”
coupling agents and “polyester/epoxy” film formers. The chopped E-glass fibers
used in processing experiments were also obtained from Cam Elyaf. These fibers
were sized with “aminosilane” and “epoxy” film former. Some characteristic
properties of glass fibers are given in Table 3.2. Silane coupling agents used during

surface modification of glass fibers were represented in Table 3.3.
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Table 3.2 Characteristic properties of glass fiber roving

Continuous Strand Chopped Strand
Product code WR 3-1200 PA-1
Coupling type Styrylsilane/Methacrylosilane Aminosilane
Film formers Polyester/Epoxy Epoxy
Fiber Diameter (pum) 16.0 13
Fiber Length (mm) Continuous 4.75
Moisture Content (%) Max. 0.15 Max. 0.15
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Table 3.3 Silane coupling agents used in this study

Chemical Structure Manufacturer Designation

OCH;

I Aldrich, 97%
H3CO — Sl — CH2 - CH2 — CH2 - NHz

| Lab. scale Aminopropylsilane

OCH; o

silicone (APS)
y-aminopropyltrimethoxysilane compound
Cat.: 28,177-8
OCH; 0

I il Aldrich, 97%

I g ) Lab. scale Methacrylopropylsilane
OCH; 2 silicone (MPS)
y-(trimethoxysilyl)propylmethacrylate compound
Cat.: 44,015-9
OCH;
I
H — Si= CH = CH

0 ?1 o =c _@ A blend of silane

OCH; compounds was
styryltrimethoxysilane already applied As
to the glass fiber Received
surfaces (REC)

OCH; 0
| ] by the

I i manufacturer
OCH; CH,

y-(trimethoxysilyl)propylmethacrylate
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3.2.2 Experimental Procedure

3.2.2.1 Silane treatment

Before new coupling agents were applied onto glass fiber surfaces, initial film
formers and couplings had to be removed. The removing was carried out in a
furnace by burning off them at approximately 600°C for 30 minutes, then by using a
soxhlet apparatus glass fibers were washed with acetone for 1 hour to remove

organic degradation deposits.

Firstly, the APS and MPS were dissolved in distilled water to form a 1wt% solution
for hydrolysis. The pH of solution was adjusted to 4.5 with acetic acid to catalyze
the MPS reaction. For APS, to avoid the possible reaction between amino group and
acid, no catalyst was used. Since the MPS is not water soluble, it was dissolved in a
solution of 10wt% water in ethanol. After hydrolysis, continuous glass fiber bundles
were dipped into the solution and kept for 1 hour to allow formation of silanol
bonds with continuous stirring. Then, the solution was removed and glass fibers
were washed with water and then with ethanol to remove the physisorbed coupling
agents. The fibers were then dried in an oven for 10 minutes at 110° C. To check
the amount of coupling agent bonded to the fiber surface, a small sample of fiber
was analyzed in TGA (thermo gravimetric analyzer). This measurement indicated

that the coupling agent weight fraction on the surface was almost 0.5 %.

3.2.2.2 Contact Angle Measurements

Contact angles were measured tensiometrically using an electronic microbalance
(Sartorious Microbalance, M25D) equipped with a motor-driven stage that has
vertical displacement capability of 10 mm. Figure 3.4 shows the schematic of the
microbalance. The digital signals from the microbalance were recorded. In the case

of glass fibers, a single fiber specimen was prepared first, by tapping 1 cm of a 2 cm
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length of fiber between two pieces of adhesive tape, with about 1 cm of the fiber
exposed. The specimen was then placed to the hook of the microbalance. In all
experiments a stage velocity of 1 um/s was used to bring the fiber into contact with
the liquid. The force (F) measured by the microbalance was then recorded to

calculate the advancing contact angle (0) by Equation (3.3),

F = (P)(y)(cosb) (3.3)

where P is the perimeter of the sample and y is the surface tension of the probe
liquid. Each contact angle measurement was repeated at least three times. Each
contact angle measurement was repeated at least three times. After each
measurement to specify the perimeter of sample, 0.5 cm of the fiber tip was cut; the

remainder was then brought into contact with n-decane, completely wetting liquid.

For the polymeric samples, same procedure was repeated with a tiny, very thin
strip-shaped sample with dimensions of 2 mm x 20 mm x 0.2 mm. The samples
were prepared with a hot-press at 230°C and 100 bar. Diiodomethane (DIM) was
used as the probe liquid for Liftshitz-van der Waals interactions. Ethyleneglycol
(EG) and formamide (FA) were used to identify the acid-base interactions between
sample and the probe liquid. n-Decane, completely wetting liquid, was used to find
the perimeters of the sample. It is assumed that n-decane makes zero angle with the

sample. Properties of these probe liquids are given in Table 3.4 [174].
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Figure 3.4 Experimental set-up for contact angle measurements

Table 3.4 Surface free energy components of probe liquids, (mN/m)

Surface Tension (mN/m) DIM EG FA n-Decane
1ot 50.8 58 48 23.83
W 50.8 39 29 23.83
ABL - 19 19 -
YL - 39.6 39.6 -
v - 23 2.3 -

3.2.2.3 Short Beam Flexural Tests

Inter laminar shear strength (ILSS) was determined according to ASTM D 2344

using the short beam flexural test. Bundles of different silane coupling agent treated
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glass fibers were embedded into polymer matrix using a hot-press, which is
illustrated in Figure 3.5.

The short beams including unidirectional parallel glass fibers at the central position
were then cut from the obtained sheets and then tested by using a Lloyd 30 K
Universal Testing Machine (see Figure 3.6). The support span to depth ratio used
was 5:1 with a corresponding specimen length to depth of 7:1, and crosshead speed

was 2.0 mm/min. The force versus displacement curve for each sample was

obtained.
at 230°C
and
APS 100 bar
treated GF
MPS
treated GF
» Polymer
REC y sheets
treated GF

Unsized/ /<

GF

Figure 3.5 The sample preparation for short beam flexural testing

Bending

direction
l 1 =__%\ o Fiber
= |/ " orientation

Figure 3.6 The schematic illustration of the short beam flexural testing
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3.2.2.4 Processing and Experimental Design

ABS/SGF Composites

Prior to processing, ABS pellets and glass fibers were dried in a vacuum oven for 4
hours at 80°C. Composites containing 10, 20, and 30 wt% short glass fiber were
prepared by melt mixing in a co-rotating twin screw extruder (Thermoprism TSE 16
TC, L/D: 24). ABS pellets and glass fibers were fed from main-feeder and side-
feeder, respectively. Molten composite obtained from die of the extruder was water
cooled and pelletized. The extrusion conditions were arranged for each run as given
in Table 3.5. In runs 1, 2, 3 and 4, the effects of short glass fiber loading level; in
runs 4, 5, 6 and 7, the effects of screw speed and in runs 6, 8 and 9, the effects of
barrel temperature were studied. The specimens for mechanical characterization
experiments were molded by using a laboratory scale plunger type injection-
molding machine (Microinjector, Daca Instruments) at 230°C of barrel temperature

and 80°C of mold temperature.

ABS/PA6/SGF Composites

For the preparation of the blends, ABS and PA6 pellets were dried in vacuum oven
at 80°C for 4 hours and 12 hours, respectively, prior to processing. The 10, 20 and
30 by wt % PAG6 containing ABS/PA6 batches were processed in a co-rotating twin-
screw extruder at screw speed of 200 rpm and barrel temperature profile of 195-
230-230-235-240°C. The extrudate was water cooled and chopped into small
pellets. The produced ABS/PA6 pellets were vacuum dried again at 80°C for 12
hours. The 30% glass fiber reinforced ABS\PA6 composites were prepared by
extrusion at the same operating conditions in the ABS/PA6 blending. The extrudate
was again water cooled and chopped into small pellets. The specimens for

mechanical characterization experiments were molded by using a laboratory scale
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plunger type injection-molding machine (Microinjector, Daca Instruments) at

230°C of barrel temperature and 80°C of mold temperature.

Compatibilized ABS/PA6/SGF Composites

For the preparation of the blends, ABS and PA6 pellets were dried in vacuum oven
at 80°C for 4 hours and 12 hours, respectively, and compatibilizer (EnBACO-
MAH) were dried in vacuum oven at 50°C for 4 hours, prior to processing. The
ABS/PAG6 ratio were 0/100, 20/80, 50/50, 80/20 and 100/0. The ABS/PA6 part was
(100-x) % of the blend, where x is the compatibilizer weight percent in the blend
which was 0, 5 and 10. (ABS/PA6)/Compatibilizer batches at prearranged
compositions were dry-mixed first, then processed in a co-rotating twin-screw
extruder (Thermoprism TSE 16 TC, L/D: 24). The screw speed was 200 rpm and
barrel temperature profile was 195-230-230-235-240°C. The extrudate was water
cooled and chopped into small pellets. The produced ABS/PA6 pellets were
vacuum dried again at 80°C for 12 hours. The 30% glass fiber reinforced ABS\PA6
composites were prepared by extrusion at the same operating conditions in the
ABS/PAG6 blending. The extrudate was again water cooled and chopped into small
pellets. The specimens for mechanical characterization experiments were molded by
using a laboratory scale plunger type injection-molding machine (Microinjector,

Daca Instruments) at 230°C of barrel temperature and 80°C of mold temperature.
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Table 3.5 Experimental conditions

SGF Content ABS:PAG6 ratio in Barrel Temperature Profile Screw Speed
(wWt%) the matrix (feed to die, °C) (rpm)
Run 1 0
Run 2 10
l: 195-210-210-215-22 1
Run 3 20 0 95-210-210-215-220 00
Run 4 30
Run § 150
Run 6 30 1:0 195-210-210-215-220 200
Run 7 250
Run 8 ) 195-230-230-235-240
Run 9 30 1:0 195-250-250-255-260 200
Run 10* 1:0
Run 11 9:1
Run 12 30 29 195-230-230-235-240 200
Run 13 7:3

*In Run 10 (ABS/30wt%SGF), ABS was first extruded at the given conditions to equalize the thermal history of matrix with runs 11, 12 and 13,
then compounded with SGFs at the same processing conditions in the second extrusion step.



3.2.3 Characterization

3.2.3.1 Mechanical Tests

All mechanical tests were carried out at room temperature. At least five samples
were tested and average results with standard deviations were reported for each type
of composite. Tensile tests were performed on dog-bone specimens according to
ASTM D638 by using a Lloyd 30K Universal Testing Machine. Flexural tests were
applied according to ASTM D 790 on rectangular specimens of 2 mm x 7.4 mm X
100 mm using the same machine. Charpy impact tests were performed by using a
Pendulum Impact Tester of Coesfeld Material Test, according to the ASTM D256

on rectangular specimens of 6 mm x 60 mm x 2 mm.

3.2.3.2 Scanning Electron Microscopy

A low voltage SEM (JEOL JSM-6400) was used to analyze the tensile fractured
surfaces of the composites. The specimens were coated with gold to eliminate

arcing of the beam.

3.2.3.3 Optical microscopy

About 5 g of randomly selected samples from extruded pellets for each run were
placed in a crucible in an oven at 600°C for 30 minutes to remove the polymeric
matrix. The glass fibers left were dispersed in water and transferred to the glass
slides of microscope. The photographs (see Figure 3.7) obtained from optical
microscope (Prior Laboratory Microscope Model B 3000) were analyzed after
digital scaling to measure the fiber lengths. A minimum of ten photographs were
obtained from each slide, and a population of approximately 400 fibers for each run

was taken into account for fiber length distributions. The lengths were measured
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manually for statistical analysis from the magnified pictures by utilizing calipers
with a precision of 0.05 mm, which corresponds to 6.6 microns when photos are

considered.

Figure 3.7 A photograph of dispersed fibers under microscope

3.2.3.4 Melt Flow Index (MFI)

Melt flow index values were measured by using an extrusion plastometer (Omega

Melt Flow Indexer) according to ASTM D 1238 with 5 kg load and at 230 °C.

3.3 ABS/PAG6 Blends Based Nanocomposites

3.3.1 Materials

The properties of ABS, PA6 and compatibilizer (EnBACO-MAH) are described in
Table 3.1. Montmorillonite (Cloisite® 30B, Southern Clay Products Inc.) used was
organically modified with methyl, tallow, bis-2-hydroxyethyl, quaternary
ammonium by the supplier. The chemical structure of the organic modifier is given

in Figure 3.8. Prior to compounding, ABS and PAG6 pellets were dried in vacuum at
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80°C for 12 hours; EnBACO-MAH was dried at 50°C for 4 hours. The ABS/PA6
ratio were 0/100, 20/80, 50/50, 80/20 and 100/0. The percentage of ABS+PA6
portion of the matrix was 95% and compatibilizer was 5% of the matrix (blends will
be named in the order of ABS/PA6/Compatibilizer by giving the ratios, hereafter).
Montmorillonite (MMT) amount in the nanocomposite was 1%, 3%, and 5% by

weight of the nanocomposites.

CH,CH,OH
!
CH,-N_T
|
CH,CH,OH

Figure 3.8 The chemical structure of the organic modifier of Cloisite 30B (T is
tallow: 65% C18, 30%C16, 5%C14)

3.3.2 Microcompounding and Injection Molding

Firstly, (ABS/PA6)/Compatibilizer batches at prearranged compositions were dry-
mixed at predefined amounts with a precision of 0.01 g. The mixture was melt
compounded in a twin-screw microextruder (15 ml microcompounder”, DSM
Xplore). Figure 3.9 shows the whole-laboratory extruder and Figure 3.10 shows the
cross-section of the barrel in co-, counter and modified co-rotating modes. The core
of this laboratory compounder is formed by a separable, sealed mixing compartment
containing two detachable, conical mixing screws. The main drive is continually
digitally variable and allows for torque measurement. The processing temperature
can be adjusted in three zones separately controlled heating zones and the mixing
time can be varied via recirculation of the melt. This laboratory extruder can be
operated in both co-rotating and counter-rotating mode by the help of a gear box

fixed on the main drive of the machine.
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Materials were fed from the top of the microextruder by a specially designed
injector type feeder. The screw speed was kept at 30 rpm during feeding. Feeding
was taking about 15 seconds. After feeding, the screw speed was increased to
operating value. The operating conditions of the microextruder were arranged as
screw speeds of 100 or 200 rpm and barrel temperature profile of 235-235-235°C
(from top to bottom). At the end of mixing period, the extrudate was taken by
changing the position of the valve to guide the polymer to the die.

Materials were injection molded using DSM Xplore 10 ml injection molding
machine® to obtain ISO 527-2/5A tensile bars. The injection and holding pressures
were set tol5 bars. Melt temperature and mould temperature were 235°C and 80°C,

respectively.

Figure 3.9 The twin-screw conical microcompounder
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Figure 3.10 The cross-sections of (a) co-rotating (b) counter-rotating and (c)

modified co-rotating screw

3.3.3 Characterization
3.3.3.1 X-Ray Analysis

The nanocomposites were analyzed by using a RIGAKU D/MAX 2200/PC X-ray
diffractometer on the narrow part of injection moulded tensile bars (see Figure 3.11)
except organoclay, which was in powder form, using CuKo (A=1.54A) radiation,

generated at a voltage of 40 kV and current of 40mA was used as the X-Ray source.

The diffraction angle 20 was scanned from 1"to 10 at a scanning rate of 1°/min.
The XRD patterns were used to calculate final d-spacing of the clay galleries by

using Bragg’s Law.
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Figure 3.11 Illustration of sample positioning in X-Ray analysis

3.3.3.2 Tensile Testing

Prior to testing, the tensile bars were kept in a desicator in polyethylene bags at least
24 hours. Tensile test were performed on dumbbell-shaped samples according to
ASTM D 638 using tensile testing machine (Instron Model 1137) at 23°C. The
crosshead speed was 2.5 mm/min. For each experiment, 5 samples were tested. The

average results were reported with standard errors.

3.3.3.3 Scanning Electron Microscopy (SEM)

The cryogenically fractured surfaces of injection molded samples were analyzed by
using a low voltage SEM (JEOL JSM-6400) to observe the morphologies of the
nanocomposites. PA6 and ABS phases were etched by immersing the fracture
surfaces in formic acid for 15 minutes and in THF for 60 minutes, respectively, to
observe the blend phase morphologies. To prevent arcing, sample surfaces were
coated with gold. In order to calculate the apparent dispersed particle diameters, the
areas of the particles were measured automatically using image analyzer software

(Image J 1.36, USA).
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3.3.3.4 Transmission Electron Microscopy (TEM)

Injection molded samples were examined by Transmission Electron Microscope
(Philips CM200 TEM) at an acceleration voltage of 120 kV. Ultra thin sections of
70 nm in thickness were cryogenically cut with a diamond knife at a temperature of

-100 °C. All samples are trimmed parallel to the injection molding direction.

The resulting images were analyzed to observe extend of exfoliation and to obtain
nano-particle size distribution (see Figure 3.12). Because of the slight variation in
the thickness of the ultra-microtomed section, grey shades were appeared on the
TEM micrographs and they disturb the clearness of the image and reduce the image
quality for the analysis. To make the clay layers, stacks and tactoids much clear and
visible [175], selected TEM micrographs (at same magnification) were printed on
A4-size papers at photographic quality by using a laser-printer. Then, the particles
were traced on transparency films, which were put just on the printed images, with a

permanent pen.
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100 nm / /

Figure 3.12 Representative pictures showing the stages of image analysis on TEM
micrographs: (a) Original TEM micrograph (b) Traced manually and scanned on

white background subsequently
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100 nm

Figure 3.12 (Cont’d) Representative pictures showing the stages of image analysis

on TEM micrographs: (c) Number of platelets per particles were marked manually

The resulting transparencies were scanned at 300 dpi resolution on a white
background to obtain maximum contrast for image analysis. The scanned images
were analyzed using an image analyzer (Scion Image, USA) for automatic particle
size distribution using an image analyzer. At least 250 particles were analyzed for
each composition. The average particle lengths, L., were calculated using

Equation (3.4):

Lave= (XniLi)/(Xni) (3.4

where n is the number of the particle with length, L. This procedure is illustrated in

Figure 3.11.
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To obtain the average particle thickness, the number of platelets was counted and
marked manually on to the print-out of the TEM micrographs; then, they were

analyzed statistically to calculate average particle thickness.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Compatibilization of ABS/PA6 Blends

In this part of the dissertation, the results and discussions related to the
compatibilization efficiency of olefin based, maleated and epoxydized copolymers
in melt compounded ABS/PA6 blends is presented in terms of blend morphologies
by SEM and mechanical properties by tensile and impact tests. The potential
chemical reactions between functional groups of the compatibilizers and end-groups
of PA6 were investigated by FTIR. In the blends, the ABS/PA6 part was (100-x) %
of the blend, where x is the compatibilizer weight percent in the blend which varied
as 0, 5 and 10. The samples were named in the order of ABS/PA6/Compatibilizer

by giving the corresponding compositions and the type of the compatibilizer.

4.1.1 Effects of compatibilizer type and content on the morphologies,

mechanical and thermal properties of ABS/PA6/Compatibilizer blends

4.1.1.1 FTIR Analysis

In the current blend system, possible chemical reactions lead to the final
morphology and therefore physical properties due to the interactions between
maleic anhydride with amine end-group and epoxy group with amide and/or acid
end-groups of PA6 for EnBACO-MAH and EMA-GMA, respectively. These
reactions are shown in Figures 4.1 and 4.2. These reactions were inspected by

performing FTIR spectroscopy analysis on blends compatibilized with EnBACO-
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MAH or EMA-GMA copolymers. Since the higher concentration of components
was in 50/50/10 blends, FTIR spectroscopy performed on this composition.

The FTIR spectrum for ABS is shown in Figure 4.3. The characteristics peaks
located at 756 cm™, 962 cm™, 1450 cm™, 1490 cm™, 2848 cm™, 2914 cm™', 3020
cm’ are associated with -CH- groups. The peaks appeared at 698 cm™ is the phenyl
ring vibration in SAN phase. The peaks located at 1022 cm™ and 2231 cm™ stand
for -C-H deformation in phenyl ring and -C=N vibration of SAN phase,
respectively. The double bond in butadiene phase of ABS can be characterized from
the peak located at 1596 cm™ representing C=C strech vibration. The other peaks

and corresponding representations are given in Table A.1 in Appendix A.

The FTIR spectrum for PA6 is shown in Figure 4.4. The peaks at 676 cm’,
964 cm'l, 1363 cm'l, 1465 cm'l, 2850 cm'l, 2916 cm’! indicated various absorptions
of -C-H group. The characteristic peaks of functional groups of PA6 located
at 1112 cm™ and 1166 cm™ for C-N stretching vibrations, 1625 cm™ for C=0 and
3284 cm™ for O-H vibration in —COOH. All of the peaks seen in FTIR spectrum of
PAG6 are explained in Table A.2 in Appendix A.

The FTIR spectrum for EnNBACO-MAH and EMA-GMA PAG6 are shown in Figure
4.5 and 4.6, respectively. The maleic anhydride group and epoxy group have
characteristic peaks at 1778 cm™ (C=0 stretch vibration) in spectrum of EnBACO-
MAH (see Figure 4.5) and at 910 cm™ (oxiarine ring vibration) in spectrum of
EMA-GMA (see figure 4.6), respectively. The other FTIR peaks seen in spectra of
EnBACO-MAH and EMA-GMA are explained in Tables A.3 and A.4, respectively.

The potential reaction shown in Figure 4.1 indicates that PA6 and EnBACO-MAH
forms imide-bonds through reaction of maleic-anhydride and amide group above
120°C. The imide-linkage formed as a result of interfacial grafting reaction can be
identified from new peaks appeared at 1770 cm™ (imide carbonyl symmetric

stretching), 1705 cm™ (imide carbonyl asymmetric stretching). The peaks appeared
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at 1731 cm™ (carboxylic C=0 streching) and 1710 cm™ (Amide I C=0 stretching)

indicate that the reaction (a) shown in seen Figure 4.1 also realized.

The grafting between EMA-GMA, which is given in Figure 4.2, occurs through
reaction of epoxy ring of compatibilizer with both end groups of polyamide. This
reaction can be identified from the disappearing of absorption band of ring vibration
of oxiarine group seen at 910 cm™ in spectrum of EMA-GMA in FTIR spectrum
from 50/50/10 blend system compatibilized with EMA-GMA (see Figure 4.8).

f::fD
ED
CHy ©
SN
]
—CH— Lﬁ—NHw
I
Low terpearcture (< 120°00, amide linkage CHy O
|
COOH
or
High temperature, imide linkage CHCO._
Nw
—CH—CO

Figure 4.1 Reaction scheme of maleic anhydride group with amide end groups of

PAG [176]
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Figure 4.2 Reaction scheme of epoxide group with acid and amide end groups of

PA6 [177]
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4.1.1.2 Blend Morphologies

The morphologies of ABS/PA6/5%Compatibilizer blend system were examined in
terms of blend ratio and compatibilizer type. The SEM micrographs of 80/20/5
blend system as a function of compatibilizer type can be observed in Figure 4.9 (a),
(b) and (c), and corresponding distributions of dispersed phase apparent diameters
are shown in Figure 4.10. The continuous phase is ABS and the dispersed phase is
PA6. The black holes seen in the micrographs are the vacancies left after the
removal of PA6 by formic acid extraction. The irregular, coarse ((dapp)ave= 10.1 ),
non-elliptical dispersed morphology of PA6 in ABS matrix in the absence of
compatibilizers became a fine ((dapp)ave =0.44 p for EnBACO-MAH and (dapp)ave
=1.04 p for EMA-GMA), elliptical morphology with the addition of compatibilizers
(see Figure 4.9 (a)). Incorporation of the compatibilizer reduces the interfacial
tension between ABS/PA6 phases that results in a fine dispersion of PA6 in melt
state during preparation of blends. Moreover, the addition of compatibilizers
reduces the droplet coalescence rates because of steric repulsion [178-180];
therefore, finely dispersed phase morphology with relatively small particles can be
obtained in the presence of effective compatibilizers. The SEM micrographs show
that EnNBACO-MAH has a higher compatibilization capability than EMA-GMA for
ABS/PA6 system taking into account the sizes of the dispersed PA6 domains are

concerned.
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Figure 4.9 SEM micrographs (x 1000) of compatibilized and incompatibilized
blends containing 80/20/5 (a) No compatibilizer, (b) EnBACO-MAH (PA6 phase

was etched with formic acid)
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Figure 4.9 (Cont’d) SEM micrographs (x 1000) of compatibilized and
incompatibilized blends containing 80/20/5 (c) EMA-GMA (PA6 phase was etched

with formic acid)
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Figure 4.10 Dispersed phase apparent diameter distribution for the compatibilized

and incompatibilized ABS/PA6 blend system

The SEM pictures of 50/50/5 system with the two compatibilizers are shown in
Figure 4.11 (a), (b) and (c). The holes in the pictures are the vacancies left after the
removal of PA6 by formic acid extraction. In the case of no compatibilizer, the
discontinuous phase is PA6. This dispersed morphology became co-continuous
when compatibilizers were added. The possible reason can be the increased
viscosity of PA6 as a result of grafting reactions with the compatibilizers; hence the
viscosity ratio of ABS to PA6 becomes close to their volumetric ratio, which is the
criterion to obtain co-continuity according to Paul Barlow model [181]. The size of
the undulations seen on the surface is different for each compatibilizer type. In the
case of EnBACO-MAH, the sizes of the undulations are smaller than that of EMA-
GMA.
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Figure 4.11 SEM micrographs (x 1000) of compatibilized and incompatibilized
blends containing 50/50/5 (a) No compatibilizer, (b) E-nBA-MAH (PA6 phase was

etched with formic acid)
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Figure 4.11 (Cont’d) SEM micrographs (x 1000) of compatibilized and
incompatibilized blends containing 50/50/5 (c) E-MA-GMA (PA6 phase was etched

with formic acid)

For 20/80/5 system, the dispersed ABS domains in the PA6 matrix are seen as black
holes left after the removal of ABS by THF extraction (see Figures 4.12 (a), (b) and
(c)). The addition of compatibilizers decreased the diameter of ABS domains
((dapp)avg = 9.97 p for no compatibilizer, (dapp)ave = 0.86 p for EnNBACO-MAH and
(dapp)ave = 1.20 p for EMA-GMA) significantly. The average diameter of the ABS
domains in the case of EnNBACO-MAH is smaller than that of EMA-GMA.
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Figure 4.12 SEM micrographs (x 1000) of compatibilized and incompatibilized
blends containing 20/80/5 (a) No compatibilizer (b) E-nBA-MAH (ABS phase was
etched with THF)
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Figure 4.12 (Cont’d) SEM micrographs (x 1000) of compatibilized and
incompatibilized blends containing 20/80/5 (c) E-MA-GMA (ABS phase was
etched with THF)

When the compatibilization efficiency of these two olefin based copolymers were
compared, EnBACO-MAH seemed to be more effective than EMA-GMA
copolymer as observed by the smaller dispersed particle apparent diameters of the
blend for 80/20 and 20/80 at 5% compatibilizer content. It has been proposed that
the final morphology is highly dependent on the topology of grafting [66, 182, 183].
In the case of blends prepared using EMA-GMA, which is difunctional with respect
to PAG (i.e. possible reactions with both amine and acid ends), dense locals of PA6-
graft-EMA-GMA with high probability of two point grafting resulting in cross-
linking can form in the early stages of extrusion which can hinder further particle

break-down in the downstream of extruder [16, 184].
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It should also be noted that break-up of the dispersed phase is another process that
takes place during melt-compounding which determines the final morphology
together with interfacial interactions [184]. It highly depends on the viscosity ratios
of matrix. However, in the content of thesis the rheological properties of the

materials produced were not measured.

4.1.1.3 Thermal Properties

Differential scanning calorimeter (DSC) was used to examine the melting and
crystallization behaviour of the PA6 component in the blends. Melting point (T,
°C), melting enthalpy (AHg, J/g) and degree of crystallization (X., %) were obtained
from second heating thermograms and crystallization temperature (T.) were
obtained from cooling thermograms for PA6 phase in the blends. AH¢ in the second
heating thermogram was used for calculation of degree of crystallinity of the PA6

part of the blends using following equation:

X (%) A, 100 4.1)
AL b p— .
(F)(AH )

where F is the weight fraction of PA6 in the blend and AHy is the extrapolated
value of the enthalpy corresponding to the melting of 100% crystalline pure PAG6.

The DSC thermograms of examined blends are given in Appendix-B.

Table 4.1 shows that, the addition of ABS to the pure PA6 did not affect the melting
temperature of the system in the absence of a compatibilizer. However,
compatibilized blends exhibited a lower melting temperature with respect to both
pure PA6 and incompatibilized 50/50 blend system. Depression in T, of
approximately 2-5°C can be considered as an indication of improved interfacial
compatibility of the system with the addition of the compatibilizer [185-188].
Probably the addition of compatibilizers to the ABS/PA6 blends has a negative
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effect on crystallization of PA6 due to the interfacial interaction and formation of

PA6-graft-compatibilizer molecules that are less perfect than pure PAG6.
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Table 4.1 Results of DSC analysis

No ABS/PA6/Compatibilizer Twm(°C) AH; (J/g) X, (%) T(°C)
1 PA6 224.9 65.8 28.6 191.2
2 50/50/No Comp. 2243 23.4 20.4 187.2
3 50/50/5-EMA-GMA 2226 22.8 20.9 184.6
4 50/50/10-EMA-GMA 213.9 and 221.6 12.2 11.8 183.5
5 50/50/5-EnBACO-MAH 221.5 22.0 20.1 183.8
6 50/50/10-EnBACO-MAH 214.5 and 220.3 13.2 12.7 182.2
7 80/20/5-EnBACO-MAH 221.3 10.0 22.9 181.8
8 20/80/5-EnBACO-MAH 2224 36.5 20.8 183.5
9 80/20/5-EMA-GMA 2224 9.9 22.8 183.2
10 20/80/5-EMA-GMA 2222 38.4 22.0 183.2

Specific heat of fusion for 100% crystalline PA6 (AH;") is 230 J/g [191].



50/50/10-EnBACO-MAH and 50/50/10-EMA-GMA blends exhibited two melting
peaks in the second heating thermograms given in Figure 4.13. This result shows
that there are two different structures of crystals formed during cooling. At first
around 214°C, the major peak shows that the less perfect y-crystals formed in the
cooling step melts. Around 221°C (the minor peak), the more stable a-crystals melt
[189]. The small exotherm observed before the major melting peak is the
reorganization of the less perfect PA6 crystals. These crystals are the monoclinic y-
crystals of the PA6 [189, 190]. The formation of this structure in the presence of
10% compatibilizer may have resulted from increasing extent of reaction between
PA6 and maleic anhydride; so the formation of thermally stable a-crystals is
hindered because of this grafting reaction [191, 192]. This phenomenon is also
observed from the X, and T., which are lower when compared with other blend
systems. The chemical reaction leading to increase in the viscosity of the media can

decrease the crystallization rate and crystal growth [191].

The degree of crystallinity of the blends is lower than that of PA6. The presence of
the second phase inhibits the crystallization and the crystallization ability of PA6
was detrimentally influenced. This effect can also be observed from T, values.
Addition of the second phase together with a compatibilizer further decreases the
crystallization temperature as a result of retardation effect of increasing viscosity

due to the compatibilization reactions.
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Figure 4.13 Representative thermograms for the melting behaviour of ABS/PA6
blends: (a) 50/50, (b) 50/50/10 EnBACO-MAH, (¢) 50/50/10 E-MA-GMA

DMA is used to observe the miscibility of the ABS and PAG6 in the presence of the
olefin based copolymers. Figure 4.14 shows the DMA curves of some selected
blend systems. The peaks at -69.2°C and 110.3°C are the T,s of the polybutadiene
(PB) and poly (styrene-co-acrylonitrile) (SAN) phase of ABS, respectively. The T,
peak of PA6 is seen at 34.8°C. When the incompatibilized 50/50 blend system is
considered, it is seen that the T,’s of the PB and SAN phase of ABS and PA6 are
not shifted. If the phases are immiscible, they exhibit their own T, after blending
[192]. When the compatibilizers were incorporated to the system, the T, of both
SAN and PA6 phases were shifted to the lower values probably due to the lower T,
values of the PA6-g-Compatibilizer molecules. This shows the partial miscibility of
phases within each other by the addition of the compatibilizer. With the addition of
the compatibilizers, the damping peaks are broadened, and this can be ascribed to

the increased length of the interfacial region, probably due to the formation of PA6-
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g-Compatibilizer at the interphase [193]. There is no significant effect of the

compatibilizer type, compatibilizer content and blend composition in DMA curves.

Tan §

-150 -100 =50 0 S0 100 150

Temperature (*C)

Figure 4.14 Representative Tan 6 curves for the blends obtained from DMA

analysis (the numbers correspond to the blend system given in Table 4.1)

4.1.1.4 Mechanical Properties

Figure 4.15 shows the variation of yield strength with respect to PA6 and
compatibilizer content. In the absence of compatibilizers, an increasing trend is
observed after 50% PA6 content. The compatibilized blends containing 80% PA6
have higher strength values compared to other blends due to the continuous PA6

phase. The blends of 20% and 50% PA6 compatibilized with 5% olefinic polymer
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have higher yield strength values than that of incompatibilized ones owing to the
improved adhesion at the interface because of the possible reactions mentioned
above. However, the blends of 20% and 50% PA6 compatibilized with 10% olefinic
polymer have lower yield strengths. Below the saturation level of compatibilizer,
the bonded molecules are located in the interfacial area between the dispersed phase
and matrix. When saturation level is exceeded, the compatibilizer forms a weak
boundary layer between the ABS and PA6 phases resulting in low yield strength
values. Thus, only required amount of compatibilizer is used to improve the
miscibility of the components [194]. For the blends containing 80% PAG6, the
incompatibilized blends exhibit higher yield strengths. When all the yield strength
data of tertiary blends are concerned, the strength values measured can not exceed

that of neat-PA6 and all of them are greater than the yield strength of neat-ABS.
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Figure 4.15> Variation of yield strength with respect to PA6 concentration and

compatibilizer content
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Variation of strain at break values with respect to PA6 concentration and
compatibilizer content can be seen in Figure 4.16. It is observed that the strain at
break values of blends increases with the increasing amount of PA6 after 50% of
PAG6 because of the continuity of PA6 phase. Incompatibilized blends showed the
lowest strain at break values when compared with the compatibilized ones and
exhibit more brittle behavior during tensile testing. When the strain at break values
of blends compatibilized with EMA-GMA are considered, as EMA-GMA
concentration decreases strain at break values increases after 50% PA6
concentration. With EnBACO-MAH both at 5% and 10% levels, the strain at break
values are larger than 100% above 50% PAG6 level.

60 | > 100%
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Figure 4.16 Variation of strain at break with respect to PA6 concentration and

compatibilizer content
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The failure behavior of the blends showed differences. The photograph of some
selected tensile specimens after testing is shown in Figure 4.17. It is observed that
in the absence of olefin based compatibilizers, blends with 20% and 50% PA6
failed in brittle manner without neck formation. Stress whitening, which is due to
the light scattering from crazes in the matrix or cavities in the dispersed phase, can
be observed. Even in the presence of compatibilizers, for the blends containing 20%
PA6 exhibited brittle failure despite relatively higher elongation. The
compatibilized blends containing 50% PA6 underwent necking and failed in ductile
manner. When the continuous phase is PA6 (for blends containing 80%PA6), the
specimens again deformed by neck formation, but this case after necking they
underwent strain-hardening at the end of the tests which resulted in an increase in

measured ultimate stresses.

Figure 4.17 Selected tensile specimens after testing (numbers correspond to the

numbers given in Table 4.1)
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When the impact strength of blends are concerned, the incompatibilized blend
exhibits decreasing trend in impact strength values, which can be observed in
Figure 4.18 due to the coarse dispersed phase morphology seen in SEM
micrographs. The incorporation of compatibilizers results in more than 4-fold of
improvement. The impact strength of compatibilized blends increases as PA6
concentration increases up to 50% PA6. A maximum is obtained around 50% PA6
concentration regardless of the type and amount of compatibilizer possibility due to
the co-continuous morphology of the blend. Such kind of impact modification was
reported in the literature for the co-continuous polyoxymethylene/polyurethane
blends. It was reported that an intermeshed network-like structure gave super-tough
material; whereas distributed rubber particles resulted in more than 4-fold lower

Izod impact strengths [195, 196].
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Figure 4.18 Variation of impact strength with respect to PA6 concentration and

compatibilizer content
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The impact strength of the polymer blends is highly dependent on the size and
dispersion of the second phase. There are two reasons why the dispersed particles in
the matrix give higher toughness: the cavitation and hence changing the stress state
around the particles and to generate a local stress concentration, and the subsequent
shear yielding of matrix [70, 197, 198]. However, the cavitated particle should not
initiate the fracture process; therefore these particles have to be very small and not
to grow to a size which can initiate a crack [195]. In literature, an optimum amount
of compatibilizer which can provide fine and well-dispersed blend morphology was
studied and the researchers found out that after saturation concentration of
compatibilizer is exceeded, the impact properties either decreased or stayed

constant [176, 199-201].

In the current study, the compatibilizers used can act as tougheners because of their
elastomeric nature with low glass transition temperature. For a given PA6 content,
the impact strength of the blends compatibilized with EnBACO-MAH gives higher
toughness than EMA-GMA due to the finer morphologies obtained in the case of
EnBACO-MAH at 5 and 10% loadings. For EnBACO-MAH, tougher blends are
obtained at 5% loadings; however for EMA-GMA, tougher blends are obtained at

10% loading level for a given PA6 concentration.

4.1.2 Impact Essential Work of Fracture Toughness of Compatibilized
ABS/PAG6 Blends

In this part of the study, it was aimed to investigate the impact fracture behaviour of
compatibilized ABS/PA6/Compatibilizer blends applying impact essential work of
fracture methodology as a function of ABS to PA6 ratio and compatibilizer type.

The fracture energy data revealed from standard Izod and Charpy impact tests are

the sum of the any kind of energy which can be absorbed during test. Despite their

simplicity and convenience, they do not provide any general representation of the
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toughness of the samples. Since the notches are not sharp enough in standard tests,
some ductile polymers do not completely break into two halves at the end of the
test, which results in an incomplete fracture. In such cases, EWF concept can be
utilized as an effective method for the determination of fracture toughness of ductile
polymers having sharp cracks that deformed at high rates. During EWF testing, all
the samples were broken into two halves except 20/80/5 blend system regardless of
compatibilizer type. In these compositions, a thin film layer formed as skin-layer
hindered specimens to completely part into two. Thus, the impact energy measured
also included the toss energy (work done to throw the sample) of these samples.
However, it was thought that the toss energy (~0.01 J) is very small compared to

overall energy, therefore it was neglected.

To check if the yielding criterion was satisfied, the impact test was stopped just
after the hammer stroke to the specimen. Visual inspection of the specimen
indicated that crack propagated before the completion of the fully-yielding of the
ligament. A representative photograph of one of the specimens is shown in Figure
4.19. This means that criterion was not satisfied. However, even in the presence of
dissatisfaction in yielding criterion of EWF, Paul and co-workers demonstrated
applicability of EWF methodology using a different notation given in Equation
(2.28) [161].

The geometry of the stress-whitened zone formed during impact testing was
investigated, since Mai and co-workers have noted that in order to achieve a linear
relationship between the specific fracture energy and ligament length, the volume of
the stress-whitened zone must scale with the square of the ligament length [141,
142]. The shape of the stress whitened zones was schematically represented in
Figure 4.20. It is seen that the volume shown has an elliptical-base, whose volume

is given as follows:

V= %sm = Bt (4.2)
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where s and / corresponds to radii of ellipse, £ = (7/2)(s//) is a constant [141].

This shows that the volume of the stress whitened zone was proportional to square

of the ligament length.

Crack propagated before
yielding of the whole ligament

Figure 4.19 Representative image of deformation of the specimen

Figure 4.20 Illustration of geometry of stress whitening zone
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Figure 4.21 shows representative impact load-displacement curves for
50/50/5-EnBACO-MAH, 50/50/5-EMA-GMA and incompatibilized 50/50/5 blend
system. The maximum force values measured during EWF tests were nearly the
same; however, for 50/50/5-EnBACO-MAH, the area under the curve prior to
maximum force and after maximum force was much higher than that of 50/50/5-
EMA-GMA indicating that crack propagation is slow with higher energy absorption
associated with toughness. This kind of behaviour is typical for ductile materials
[203]. In contrast, incompatibilized blends of 50/50 exhibited a load peak, and then
the load dropped to zero (even below zero) very sharp indicating fast crack
propagation without any energy absorption. This type of load versus displacement

characteristic indicates brittle failure [203].
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According to EWF methodology, the slopes of plots of total specific fracture energy
versus ligament length are regarded as a measure of energy absorbing process that
occur far away from the fracture surface, i.e. non-essential work in plastic zone.
Figure 4.22 a, b and ¢ shows the plots of specific total impact energy versus
ligament length for ABS/PA6/Compatibilizer ternary blends. The incompatibilized
blends of ABS/PA6 and neat-PA6 exhibited brittle behavior without showing any
slope which is associated with non-essential energy term. As a result of that, no
stress whitening was observed for PA6 (see Figure 4.23). On the other hand, ABS
showed ductile fracture with a positive slope indicating energy absorption in the
outer plastic zone due to the presence of rubbery phase [146, 204] with considerable
stress whitening as seen from Figure 4.23. Regardless of compatibilizer type and
blend composition, the ABS/PA6/Compatibilizer ternary blends fractured in a
ductile manner with steep positive slope indicating non-essential work done in the
outer plastic zone. The good linear regression lines seen in ABS, PA6 and
incompatibilized blends was distorted, and the data were scattered considerably in
the impact energy versus ligament length plots of compatibilized blends (see Figure
4.22 b and c). The photographs of specimens fractured in EWF testing showed

evident stress whitening as can be observed from Figure 4.23.
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20/80/5 — EnBACO-MAH

Figure 4.23 Representative broken samples of PA6, ABS compatibilized ABS/PA6
blends
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The results of impact EWF testing are shown in Table 4.2 as a function of blend
composition and compatibilizer type. The phase morphologies of the blends show
variations with respect to composition. The incompatibilized blends exhibit
dispersed-particle morphology regardless of composition. For 80/20 and 50/50
blends, ABS is continuous, on the other hand for 20/80, PA6 is continuous phase.
Incorporation of compatibilizer alters the morphology of 50/50 blends from
dispersed to co-continuous. The details about morphology can be found in previous
part. Figure 4.24 shows the PA6 content versus w. and fw, for
ABS/PA6/Compatibilizer blends. As can be seen, essential work increases with
increasing PA6 content by giving a maximum at 50% PAG6, then it decreases for
both of the compatibilizers; on the other hand, non-essential term slightly increases

at 50% PAG6, regardless of compatibilizer type.
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Gel

Table 4.2 Impact-specific EWF values, average dispersed phase particle size and standards Charpy impact strengths of materials

. Average dispersed Essential work of Non-essential work 1.\Iotched Charpy
Material . . impact strength
(ABS/PAG6/Comptibilizer) phase particle size fracturez, We of fractures, P, ASTM D 256
(w (kJ/m?) MJ/m”) (kJ/m?)
100/0/0 N/A 16.30 0.40 23.6
80/20/0 10.1 4.40 0.13 9.0
50/50/0 11.2 2.10 0.16 7.4
20/80/0 9.97 2.30 0.15 6.3
80/20/5- EnBACO-MAH 0.44 19.20 2.37 46.2
50/50/5- EnBACO-MAH Co-continuous 25.10 2.64 58.0
20/80/5- EnBACO-MAH 0.86 21.10 2.22 55.9
80/20/5- EMA-GMA 1.04 17.90 1.64 25.9
50/50/5- EMA-GMA Co-continuous 23.00 1.77 42.1
20/80/5- EMA-GMA 1.20 15.60 1.69 28.6
0/100/0 N/A 1.53 0.14 4.3
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When two compatibilizers are compared, both essential and non-essential terms are
higher in EnNBACO-MAH than in EMA-GMA. It should be noted that the dispersed
particle sizes are much smaller in EnBACO-MAH than those of EMA-GMA, as can
be seen from Table 4.2. The study conducted by Huang and Paul showed that at a
given rubber content, maxima were observed in both essential and non-essential
terms (limiting and dissipative part, respectively). Beyond these maxima, further
increase in rubber particle size reduced the essential and non-essential terms [205].

This phenomenon was also previously demonstrated elsewhere [206, 207].
The standard Charpy impact test results show similar trend in essential work of

fracture depending on PA6 content (see Table 4.2). Strength of the materials
increased with PA6 content up to 50/50/5 blend, beyond that it decreased. When the
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fracture energy values obtained in standard impact tests were compared with EWF
test values, even in the highest ligament lengths, the values of EWF were lower than
fracture energies obtained from standard impact test. This may account for the fact

that the testing conditions in EWF are severe due to much sharper notches.

The difference in EWF parameters i.e. essential and non-essential terms as the
function of blend composition stem from difference in deformation mechanisms for
PA6, ABS, incompatibilized binary ABS/PA6 blends and compatibilized ternary
ABS/PA6/Compatibilizer. Neat-PA6 exhibits ductile behaviour without a notch.
Once a sharp notch is introduced, due to the preclusion of shear yielding by stress
field ahead of the crack tip, PA6 fails in brittle manner [70]. On the other hand, the
studies conducted on ABS have shown that the macroscopic specimens tend to fail
by a combination of shear yielding and crazing of SAN matrix [208-213]. However,
the microscopic combination of ABS and PA6, of course, was different than neat-

materials.

For rubber-toughened semi-ductile polymers, cavitation of the rubber particles
ahead of the crack may release the stresses; as a consequence shear yielding of
matrix material resulting in a ductile-failure of the material [70]. Lazerri and
Bucknall showed that fractured specimens of rubber toughened polyamides had
lines of cavitated rubber particles separated by shear yielded polyamide ligaments
and referred to these features as ‘dilational bands’ [123, 214]. Similar observation
was also reported by Sue et al. for rubber toughened epoxy. They called these lines
of cavitated rubber particles ‘croids’ [215-217]. Laura et. al. [203] and Huang et al.
[205] has recently observed similar deformation in rubber toughened polyamides.
The particle size also has a crucial importance in toughening mechanism. The
crazes are initiated in rubber toughened materials by large particles at equatorial
sites where stress concentration is maximum, sometimes subsequently rubber
particle can cavitate [70]; therefore, larger rubber particles cavitate easier than

smaller particles.
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SEM micrograph of ABS, PA6 and incompatibilized 50/50 ABS/PA6 blend system
are shown in Figure 4.25 a-c. The fracture surface of ABS is smooth but tortuous.
The magnified picture shows black holes left by cavitated rubbery phase of ABS.
PAG6’s fracture surface was smooth and includes large cracks indicating brittle
fracture. The incompatibilized blends of ABS/PA6 fractured in brittle manner
regardless of blend composition. This behavior can be attributed to the too large

size of the dispersed phases for effective toughening.
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Figure 4.25 SEM micrographs of fracture surfaces of a.)ABS
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SEM micrographs of 80/20/5-EnBACO-MAH and 80/20/5-EMA-GMA blends are
shown in Figure 4.26. In this blends, ABS is continuous whereas PA6 is dispersed
phase. It is evident that the PA6 particles were pull-out from the ABS matrix. There
is no deformation related to shear yielding that can be observed in the matrix phase,
apparently due to the higher stiffness of PA6 particles. Besides, the rubbery

charecterictic of compatibilizer can also increase the impact strength of material.

The morphology of fracture surface of 50/50/5 blends (see Figure 4.27) is different
than that of observed in 80/20/5 blends. The failure is completely ductile. The
fibrillar-morphology probably obtained due to the massive shear yielding which is
the energy absorbing mechanism. In the case of EMA-GMA, some micro-voids are
seen between interconnected ligaments resulting matrix tearing. However in
EnBACO-MAH, extent of fibrillation is much higher and the micro-voids are much

smaller.

Microstructure of the 20/80/5 blend system resembles traditional rubber-toughened
polyamides (see Figure 4.28). The predominant deformation mechanism in these
materials was previously reported as rubber particle cavitation and subsequent
matrix shear yielding [218, 219]. In the blends considered here, the black holes seen
are the locations of rubber particles pulled-out from the matrix, which are
surrounded by yielded polyamide ligaments. The shear yielding and particle pull-
out co-exists both in EnBACO-MAH and EMA-GMA compatibilizers. These
pulled-out particle might be both ABS and compatibilizer domains.
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Figure 4.27 SEM micrographs of fracture surfaces of a.) 50/50/5-EMA-GMA,
b.) 50/50/5-EnBACO-MAH
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4.2 Short Glass Fiber (SGF) Reinforced ABS and ABS/PA6 Blends

4.2.1 Effects of SGF Surface Chemistry on the Morphology, Interfacial and
Mechanical Properties of SGF/ABS and SGF/ABS/PA6 Composites

The properties of a composite not only depend on the properties of components but
also the interface established between them. A strong interface can be formed if the
components adhere to each other via chemical bonds or secondary interactions.
Hence, the surface chemistry of the components has a crucial importance to achieve
a strong interfacial adhesion. In this part of the study, the effects of the surface
chemistry of the glass fibers on the morphology, interfacial adhesion and
mechanical properties of SGF/ABS and SGF/PA6 composites were investigated.
The glass fiber surfaces were treated with silane coupling agents. The most
compatible silane for both ABS and ABS/PA6 blend was determined among the

. . . TOT
ones which were examined. The work of adhesion (Wa™

) is determined by the
surface chemical affinity of the components in the composite, which can be a
chemical bond or secondary attractions such as van der Waals or hydrogen bonding,
or by the inter laminar shear strength (ILSS) due to mechanical adhesion. In this
study, the W, °T and ILSS values were calculated from experimentally determined

interfacial tensions and short beam flexural tests, respectively.

The contact angles measured using the probe liquids and calculated surface tension
components of the glass fibers with different surface treatments and polymers are
shown in Table 4.3. DIM, EG and FA are corresponding to probe liquids
diiodomethane, ethyleneglycol and formamide, respectively. YV, y" and y are
standing for the dispersive, acidic and basic components of the surface tensions,
respectively. Work of adhesion between contacting phases can be calculated from
Equation (2.11) [220] by utilizing the contact angles and surface tension
components. The thermodynamic work of adhesion, W,'°', values including
dispersive, WaLW, and acid/base, W8, components between matrix materials and

various glass fiber surface coatings are given in Table 4.4, Figures 4.29 and 4.30.
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Table 4.3 Contact angles (0) in probe liquids and calculated surface tension components, (y, mN/m)

Contact Angle, (°) Surface tension components (mN/m)

Species DIM EG FA W v Y
As Received 53.06 61.31 67.66 32.55 0.02 5.19
APS 49.46 56.63 63.90 34.58 0.03 7.31
MPS 50.58 65.16 69.51 33.95 0.09 0.38
Unsized glass fiber 52.41 45.57 50.21 32.90 4.38 0.82
ABS 59.34 59.34 65.79 28.96 0.42 4.96
PA6 44.76 40.97 40.97 37.14 4.11 1.07




Table 4.4 Thermodynamic work of adhesion between matrix materials and glass

fibers with different surface treatment, (W,, mJ/m?)

ABS PA6

LW AB TOT LW AB TOT
Wa Wa Wa Wa Wa Wa

As Received | 61.41 3.65 65.06 69.52 9.57 79.09
APS 63.29 4.21 67.50 71.67 11.29 82.96
MPS 62.71 2.10 64.81 71.02 3.11 74.13

Unsized 61.75 10.16 71.91 69.93 8.00 77.93
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Figure 4.29 Work of adhesion between ABS and glass fibers with different surface

treatments
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Figure 4.30 Work of adhesion between PA6 and glass fibers with different surface

treatments

It is observed from Figure 4.29 that dispersive component (W,"") of W, "
remained almost constant for all of the species when ABS was concerned. As
expected, APS, MPS and received silane treated fibers have basic surface
characteristics due to electron rich groups in their structures. Thus, the acid/base
interaction is not possible between electron donor groups, phenyl, nitrile and
vinylidene, of ABS. As is seen from Figure 4.28, the W,*® between unsized fiber
and ABS is higher than the others due to the presence of acidic -OH groups on the

surface of the glass, which can interact with electron donor groups of ABS.

Figure 4.30 represents the thermodynamic adhesion between PA6 and glass fibers
with different surface coatings. Similar dispersive components as in ABS are
observed in PAG6, therefore, it can be said that the variation of thermodynamic
adhesion values arises from the difference in acid/base terms. Especially in APS,

amines may react with both the amide groups on the backbone and carboxylic acid
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groups at the end of the PA6 chains [23]. Hence, it is reasonable to achieve high
values for APS.

The representative Short Beam Flexural Test diagrams of ABS/GF and PA6/GF
composites for different fiber surface treatment are seen in Figures 4.31 and 4.32.
On the plots, y-axis corresponds to the force (N) required to bend the

specimen and x-axis is the deformation (mm) of the specimen.

2000
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Figure 4.31 Short Beam Flexural Test diagrams for ABS/GF composites
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Figure 4.32 Short Beam Flexural Test diagrams for PA6/GF composites

The inter laminar shear strength (ILSS) values calculated from short beam flexural
tests are given in Table 4.5, Figure 4.33 and Figure 4.34. In the case of ABS, unlike
the highest W, °" for unsized fiber, its ILSS is the lowest with respect to the others.
A possible reason for this may be lack of mechanical interlocking between the fiber
surface and molten ABS during specimen preparation. When the coupling agents
are present on the surface, the variation of ILSS values may be attributed to the
purely mechanical interlocking in the absence of acid/base interaction. The presence
of the coupling agents on the surface may allow the chains to penetrate inside
through the sizing layer. Hence, the highest ILSS was obtained with APS which is
less bulky compared to MPS and REC; and may allow interchain diffusion to a

larger extent.

149



, (MP

ngth (MP

888888888



_
(o)
|
HH

) | \ /
0 - N\ |

0 As Received O APS MPS [ Unsized

_

—H

_

Figure 4.34 ILSS values between PA6 and glass fibers with different surface

treatments

The ILSS values for the PA6 and fibers are harmonious with thermodynamic
adhesion values because of the synergetic effect of both acid/base interactions and
mechanical interlocking. The measured adhesion value for APS coated fibers is

about two times higher than the others.

For the system involving poorly polar matrices or non-polar matrices such as PE,
PVC, PU and surface treated glass fibers; it has been shown that a linear
relationship can be established between ILSS and W, °T [221]. Thus, it is possible

to write the following relation:

ILSS = k(W,™h) (4.3)
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where k is the coefficient of proportionality. This equation indicates that
physicochemical interactions between the fiber and the matrix determine, to a large
extent, the mechanical behavior of the interphase from the very famous relation of
Cox [222]. The constant “k™ depends on the modulus of matrix and fiber, and the
equilibrium center-to-center distance involved in physical interactions such as van
der Waals and acid/base interactions [223]. The following Figures 4.35 and 4.36

TOT

show the dependence of W, on ILSS measured between glass fibers with

different surface coatings and polymer matrices (ABS and PA®6).
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Figure 4.35 Dependence of W, " on ILSS for ABS and various sized glass fibers
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Figure 4.36 Dependence of W,'°" on ILSS for PA6 and various sized glass fibers

When trend lines were added to the plots of W, °" versus ILSS in Figures 4.35 and
4.36, the unsized fibers were not included because of the lack of mechanical
interactions. It is observed that there is a linear increasing dependence between
W, °" and ILSS for ABS/GF system when the fiber surfaces are treated with silane
coupling agents. Similar results were obtained experimentally by Park and Jin [224]
for the system including continuous glass fibers treated with different silane
coupling agents and unsaturated polyester; and by Schultz and Lavielle [225] for
carbon fiber reinforced different epoxy resins. This output indicates that good
wettability of matrix, which is identified by high W,"°" between fiber and matrix,

supports high interfacial strength, which is identified by ILSS.

The significant result extracted from Figures 4.35 and 4.36 is the divergence from

the linear dependence between ILSS and W, °" values (R*=0.948 to R’=0.703)
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when the polarity of the matrix increases, which gives rise to strong interactions
between contacting phases, between PA6 and various sized glass fibers. This
phenomenon was stated by Nardin and Schultz [221] that such linearity between
W, °" vs ILSS is no longer valid, since strong specific interactions are established
at the interface. As a result of adhesion measurements, it was decided to use the
APS treated SGF to reinforce the ABS and ABS/PA6 blends due to its highest acid-
base interaction capacity with PA6 and its highest ILSS compared to other coupling

agents studied.

The representative tensile stress-strain curves for 30wt% SGF reinforced ABS
blended with various amounts of PA6 are shown in Figure 4.37. The variation of the
response of the composites under tensile load gives useful information about the
changes of the microstructure at the fiber/matrix interface. It was reported that a
strong interfacial interaction enhances efficient load transfer from matrix to fibers in
fiber reinforced systems [226-228]. The ultimate strength of composites is a direct
indicator of the strength of the interfacial bonds since the applied stress is more
efficiently transferred through the interface [229]. The results of tensile tests
tabulated in Table 4.6 exhibit an increasing trend in ultimate strength of composites
as the PA6 content in the matrix increases. This result can be attributed to the
increasing extent of acid-base reaction between acidic end group of PA6 chains and
aminopropyl functional group of coupling agent on the glass fiber surface as the
amount of PA6 in the matrix increases. Moreover, these interactions might stiffen
the polymer chains close to the fibers to resist against the applied tension leading to

an improved Young’s Modulus with increasing PA6 content (Table 4.6).
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Figure 4.37 Representative stress-strain curves of materials produced

Table 4.6 Tensile test results of materials produced (Run numbers correspond to the

conditions given in Table 3.5)

Material Tensile Strength Young’s Strain at Break
(MPa) Modulus (MPa) (%)
Run 1 44.0+6.0 2240 + 183 7.5+0.8
Run 10 78.0+£2.5 6500 + 352 25+1.3
Run 11 85.0+3.0 6910 + 205 3.2+ 0.6
Run 12 91.0+ 1.1 8045+ 512 3.4+0.9
Run 13 93.0+1.8 8415 + 333 3.2+0.9
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The fiber length distributions of composites after extrusion are illustrated in Figure
4.38. Because of the nature of the injection molding machine used for preparing
specimens, it can be assumed that all of the fiber length reduction occurred during
extrusion and the distribution curves are representative of the specimens tested. It is
observed that the number of long fibers in the composites increases as the PA6
content increases in the matrix from 0% to 30%, although the corresponding
average fiber length remains nearly the same (427, 447, 471, 482 microns). The
melt viscosity of PA6 is lower than the viscosity of ABS, thus the shear forces are
lower in the case of ABS/PA6 blends with high PA6 content which reduces fiber
length degradation [230]. This can be followed from the MFI values given in Table
4.7 which shows that MFI values increase as the PA6 content increases. It is known
that the load bearing capacity of fibers embedded into a matrix increases as their
length gets longer; therefore improved tensile strength and Young’s modulus must
have resulted from increasing number of longer fibers together with the improved

adhesion [21, 230, 231].
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Figure 4.38 Fiber length distributions as a function of PA6 concentration in the

matrix for 30wt% SGF reinforced ABS/PA6 composites
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Table 4.7 Melt flow index values of materials produced with 5 kg load and 230°C

(Run numbers correspond to the conditions given in Table 3.5)

Material Melt Flow Index (g/10min)
Neat ABS 15.6

Run 10 3.2

Run 11 11.5

Run 12 12.2

Run 13 13.7
Neat PA6 36.4

Figure 4.39 illustrates the variation of unnotched charpy impact strength of
materials produced. The neat ABS resin has the highest impact strength as expected.
The incorporation of SGF to ABS results in a sharp reduction in impact strength
because of the restricted deformation ability of matrix in the presence of fibers.
When 10wt% of PAG6 is incorporated to the matrix, a drastic improvement in the
impact strength of composites is obtained. Further addition of PA6 decreases the
impact strength value but it is still higher than the SGF/ABS system. This behavior
may be attributed to the high chemical affinity between the amino functional
coupling agent on the fiber surface and PA6 to decrease the total free energy of the
system. The PA6 chains fed can concentrate near the surface of the glass fibers
during melt processing and there might be a PA6 sheath formed on the fibers;
therefore the ABS matrix will be free to deform similarly to the neat-ABS. This

theory is supported by the SEM analysis that follows.

157



25

- 20 A
£
=
= 15
Bt
=
e T
©»n 10 T
g T
=
E
O | A
Bl Neat ABS
B 30% SGF reinforced ABS

0 30% SGF reinforced (90%ABS+10%PA6)
B 30% SGF reinforced (80%ABS+20%PA6)
030% SGF reinforced (70%ABS+30%PA6)

Figure 4.39 Unnotched impact strength of materials produced

In order to investigate the microstructure and extent of the adhesion between fibers
and matrix, SEM study of tensile fracture surfaces of 30wt % SGF containing
specimens is performed (see Figure 4.40). In the case of 30wt% SGF reinforced
ABS, deformation of matrix is restricted and a brittle fracture is observed. Also it
can be seen that the fibers are debonded, leaving a dark ring occurring at the
interface, which also observed in the study of Fu and Lauke [231]. In that study,
the authors interpreted the dark rings resulting from local deformation of the matrix
around the fibers after fiber debonding. Most of the fibers were pulled-out from the
matrix during deformation; however the matrix is still attached to the fibers. Failure

occurs at the fiber matrix interface. In close-up view (see Figure 4.40-a), the fiber
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surface is clean and smooth, which supports the work of adhesion results indicating
that there is lack of interaction between APS treated SGFs and ABS. Figures 4.40 b-
d show the SEM micrographs of fracture surfaces of PA6 containing composites
reinforced with 30wt% SGF. In the case of strong interphase, the physical
properties (especially density) of matrix near the fiber surface are different than that
of the bulk polymer; therefore the failure under tensile loading occurs at the matrix
near the fibers. It is clear from these figures that the failure occurred at the matrix.
The sheath of polymer observed on the surface of the fibers can be interpreted as an

evidence of strong interactions.

159



091

—_— —  18Hn ‘
METWH 28KU we.ona METU 2BakU X1, @8

Figure 4.40 SEM micrographs (x1000) of tensile fractured surfaces of (a) 30wt% SGF reinforced ABS (b) 30wt% SGF

reinforced (90%ABS+10%PA6)
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Figure 4.40 (Cont’d) SEM micrographs (x1000) of tensile fractured surfaces of (c) 30wt% SGF reinforced
(80%ABS+20%PA6) (d) 30wt% SGF reinforced (70%ABS+30%PA6) composites



4.2.2 Effects of SGF Concentration on the Mechanical Properties and
Morphologies of ABS/SGF Composites

In this part of the study, effects of SGF concentration on the mechanical properties
and morphologies of ABS/SGF composites are evaluated. The fiber length
distributions of ABS/SGF composites are given in Figure 4.41 and the effects of
SGF concentration mechanical properties are presented in Table 4.8. (Runs 1, 2, 3
and 4). The average fiber length decreases with increasing SGF concentration
(754pm, 653um and 418 pum). The results indicate that as the fiber content
increases the average fiber length decreases. The increased reduction in fiber length
for a higher fiber concentration is mainly attributed to the increase in fiber/fiber
interaction [21, 230-234]. Increasing SGF content increases the tensile strength and
modulus of the composites, which is in accordance with the well-known equation of

mixture of Kelly and Tyson [235] for short fiber reinforced composite materials:

for L > L,

L ,
. :k V. |1- < + mV 4.4

and for L <L,
o, =k, 1d)+ o, (4.5)

where o is the strength of composite, o, is the ultimate strength of fibers, L is the

length of fibers, Jm' is the tensile stress at break for matrix, k is the orientation

factor, d is the diameter and t is the adhesive bond strength, V,, and V¢ are the
volume fractions of matrix and fiber, respectively. L. is the critical length of fibers.
Fibers that are shorter than critical length will pull out the matrix under tensile load.

For such a case, full load transfer is not realized. At the critical length, both the
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fiber and matrix will fracture along the same failure plane. An additional increase in
fiber length will not increase the strength of the composite, since the failure will be

the same as that experienced at the critical length [236].
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Figure 4.41 Fiber length distributions of ABS/SGF composites for 10wt%, 20wt%
and 30wt% SGF content
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Table 4.8 Results of mechanical tests

Average fiber length | Tensile Strength | Strain at break | Tensile Modulus | Flexural Modulus | Impact Strength

(nmy) (MFPa) (%o) (MPa) (MPa) (kJ/m?)
Runl - 43443 4 7507 2240+110 24304180 18.1£1.2
Run 2 7542266 57.1£3.4 2.640.5 30104430 233043210 47409
Run 3 £53+213 682456 21806 4670£365 55304250 36406
Run 4 418+221 80.0+£2 4 2,040 8 E045+170 G076475 2 807
Run S 4254213 84 0+4 8 2.840.5 64804250 59804505 22408
Run 6 210+168 772450 2710 4 6480+175 5855475 22306
Run 7 230£144 T0.0£31 2.840.5 6350250 5120£280 1.840.6
Run 8 405292 783455 32405 63904375 £47 04 20 2.8+1.1
Run 9 420+212 638.0+4 5 33208 53704270 55304520 2.940 8
Run 10 427234 78.3+£2.5 2.5+1.3 E500£350 S830£325 3104
Run 11 447265 85.0£3.0 32406 6910+205 TE20£300 11.540.6
Run 12 471234 91.0+£1.1 34409 8045510 85834515 105408
Run 13 4824245 93.0+£1.8 32409 84154330 8820+185 105408

*The corresponding experimental conditions to the Runs were given in Table 3.5.



According to the Kelly and Tyson model, tensile strength of the composite is
linearly dependent to the volume fraction of fiber up to a certain loading level. The
variation of tensile strength with respect to fiber volume fraction in our study is
linear (see Figure 4.42), which proves the validity of the Kelly and Tyson equations
for our system. On the other hand, another factor affecting the tensile strength of
fiber-reinforced structure is the fiber length that competes with the effect of volume
fraction of fibers. It is clear from the equation that higher the fiber length higher the
strength is. Our results showed that the effect of fiber volume fraction is more

dominant than the effect of fiber length.

The variation the tensile moduli as a function of fiber volume percent, which were
calculated by means of densities of ABS (p=1.04 g/cm’) and glass fiber (p=2.54
g/em’), is given in Figure 4.43. It can be seen that stiffness of the composites
increases linearly with glass fiber content. This kind of dependence in composite

materials is generally represented by the simple “rule of mixtures”:

E.=AE: Vi+ En (1 - Vf) (46)
where Er and E,, represent moduli of fiber and matrix, V¢ represents volume fraction
of short glass fibers and Arstands for fiber efficiency factor term including effects

of fiber orientation and length. This implies that modulus of ABS/SGF composites

are predominantly dependent on fiber loading level, not efficiency factor.
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Figure 4.42 Composite tensile strength versus short glass fiber volume fraction
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Figure 4.43 Composite tensile modulus versus short glass fiber volume fraction
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The strain at break values of neat ABS and SGF reinforced ABS composites are
shown in Table 4.8. As the fiber concentration increases, the strain at break values
of the composites decrease. Because of stress-concentration at the ends of the fibers,
matrix crack formation starts at these points. As the strain is increased, more cracks
form. The cracking at the beginning of tensile test can be related to load transfer to
fibers that connect the cracked regions. It is claimed in the literature that when the
extent of cracking on the specimen reaches a critical level and the surrounding
fibers and matrix can no longer support the increasing load, the failure of the
specimen occurs in the weakest region [234, 237, 239]. This type of cracking and
failure was observed during testing. The introduction of SGF to the ABS matrix

changes the mode of failure from ductile nature to brittle nature also [19].

The trend in the flexural modulus of the composites as a function of SGF
concentration is similar to the trend of tensile modulus of composites as SGF

content increases.

The results of unnotched charpy impact tests are shown in Table 4.8. There is a
sharp decrease in the impact strength with the addition of 10wt% SGF to the ABS,
then the impact strength decreases slightly with further addition of SGF. When fiber
reinforced thermoplastics are considered, the modeling of impact strength is even
more complex than that of unfilled polymers. For a material to be very tough and to
have high impact strength, in general there must be some mechanism for spreading
and absorbing energy throughout a large volume of material [239]. ABS, a high
impact resistant material, contains grafted polybutadiene (PB) rubbery domains on
poly(styrene-co-acrylonitrile) (SAN) backbone similar to rubber toughened polymer
blends [221]. The energy spreading mechanism responsible for rubber toughened
structures are shear yielding of matrix and cavitations of rubber particles [233]. The
previous literature [239] shows that SGF reinforcement can reduce or promote the

impact strength of the thermoplastic materials. It was observed that the addition of
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SGF to Nylon 6 matrix increased the impact fracture energy of the composite;
whereas small amount of SGF introduced to ethylene-propylene rubber toughened
Nylon 6 matrix decreased the energy of impact fracture dramatically [240]. Similar
result obtained for SGF reinforced ABS composites may be attributed to the
presence of small amount of glass fibers (10wt%), which may restrict the cavitation
of the rubber particles [233]. Nevertheless, the addition of SGFs to a tough matrix
brings new stress concentrated zones at the fiber ends and areas where fibers
contact with each other; hence, this reduces the ductile deformation of the matrix

[32].

Interfacial studies showed that only mechanical interlocking is present between
APS sized glass fibers and ABS matrix, therefore, the desired interfacial bonding is
not established [241]. The impact loading causes rapid crack propagation through
the material. For ABS/SGF system, results of impact test indicated that the
resistance to crack growth through a polymer/fiber interface was significantly less
than that through a homogeneous polymer resin. Thus, the crack growth can easily
take place by passing through the weak interfacial boundary that result in a sharp
decrease in impact strength with the introduction of SGFs to ABS. The further
slight decrease of impact strength of the ABS/SGF composites is due to the
reduction of average fiber length; it increases the number of fiber ends and stress

concentrated zones in composite bodies.

The fractured surfaces of ABS/SGF composites are presented in Figures 4.44 a and
b. These figures show that deformation of ABS resin matrix is restricted seriously
and a brittle fracture is observed. It can also be seen that the fibers are debonded,
with a dark ring occurring at the interface. The dark ring results from local
deformation of the matrix around the fibers after fiber debonding from the matrix.
Most of the fibers were pulled-out from the matrix during deformation; however
resin still holds fibers. The close-up views indicate that since the fiber surfaces are
clean and smooth, there is not any significant adhesion between APS treated SGF

and ABS matrix, as reported in elsewhere [241].
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Figure 4.44 Scanning electron micrograph of the fractured surface of 30%wt SGF

containing specimen (a) x 200 magnification (b) x 2200 magnification
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4.2.3 Effects of Processing Conditions on the Mechanical Properties and

Morphologies of ABS/SGF Composites
4.2.3.1 Screw Speed

In addition to the properties of the components and interphase between the
components, processing conditions have influence on the properties of SGF
reinforced polymer composites. In this part of the dissertation, the effects of
processing conditions such as screw speed and barrel temperature on the

morphologies and mechanica properties of ABS/PA6 composites were investigated.

Figure 4.45 shows the fiber length distributions with respect to the screw speeds
(runs 4, 5, 6 and 7). The distribution curves shift to left and become narrower as the
screw speed increases due to the fiber length reduction. The theoretical knowledge
about the fiber degradation during twin screw extrusion is rather limited because of

the complexity of the flow profile and the shear rate in the extruder.

Twin screw extrusion operate in starve feeding principle which means that the
elements of screw are not fully filled through the whole screw, that is why shear
rate differs in each region depending on the fill ratio of the screw elements. A basic
empirical equation is given by Stade [242], which relates the number of shear cycles

to processing conditions, extruder design and material properties:

_ @)PXSNA,)
F

k, (4.7)

where k; is the key figure for the average glass fiber length in the composite; L, is
the length of mixing section of extruder; p is the average density of material; f is the
fill ratio; N is the screw speed; A is the free cross section of the extruder and F is

the feed rate of the composite. Also it was determined that shear rate increases with
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increasing screw speed and decreasing feed rate [243]. Based on these studies, it
can be said that the major factors affecting the extent of fiber degradation are
proportional to N, f and 1/F for a given processing device. In this study, feed rate
was constant while screw speed was increased; therefore the only parameter that

was changed in Equation 4.7 was the screw speed.
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Figure 4.45 Fiber length distributions of SGF/ABS composites processed at screw
speeds of 100, 150, 200 and 250 rpm

The change in mechanical properties with respect to screw speed and average fiber
length is illustrated in Table 4.8, runs 4-7. According to the theory of Kelly and
Tyson [235], tensile strength of a short fiber reinforced matrix improves as the fiber
length increases. As seen in Table 4.8, when the screw speed increases, both the
average fiber length and tensile strength decrease. The presence of higher portion of
long fibers (see Figure 4.45) at 100 rpm is observed to affect the elongation at break

negatively. In other words, the mobility of the matrix is restrained much more by
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the long fibers. The modulus of elasticity values indicate that modulus decreases as
the screw speed increases from 150 to 250 rpm since the fiber length decreases with
increasing screw speed. A decreasing trend was also observed in flexural modulus
values as the screw speed increases, which is given in Table 4.8. Unnotched charpy
impact strength values with respect to screw speed and average fiber length are also
given in the same table. As the average fiber length decreases, impact strength also
decreases. Fiber ends are points of stress concentrators that weaken the composite
by acting as crack initiators. It is obvious that long fibers produce high impact
composites compared to short ones because of lower number of fiber ends at the

same SGF content.

SEM micrographs obtained from tensile fracture surfaces are shown in Figure 4.46.
The brittle fracture of the matrix is seen in all four ABS/SGF composites, which
were prepared at different screw speeds. It can easily be observed that fiber
alignment was perturbed as the fiber length increases, which can be deduced from
the tracks of fibers aligned perpendicular to fracture plane. It can be also seen from
the SEM micrographs that most of the fibers were pulled out from the ABS matrix.
When ABS/SGF system is considered, it is not surprising that many of the fibers
were pulled-out of the matrix, because the adhesion measurements indicated that the
interaction between ABS and APS sized fibers were very poor [241]; therefore
under a tensile loading it is probable that fibers shorter than the critical length will

be pulled-out of the matrix [236].

The critical length of the ABS/SGF system can be calculated by utilizing the
following relationship [20]:

@)

c

(4.8)
T
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where L. is the critical length, r¢ is the radius of fibers, Gy, is the ultimate strength of
the fibers and t is the interfacial strength of the composite. Employing ultimate
strength and diameter of fiber as 3450 MPa and 13um respectively, reported by the
manufacturer, and the interfacial strength between APS sized glass fibers and ABS
as 23.5 MPa reported by Pissanova and Méder from the single fiber pull-out method
[88], the critical length of 954 pm can be calculated from Equation (4.8). The
calculated critical length of the fibers is much larger than the average fiber lengths;
therefore the pull-out of most of the fibers is inevitable during the loading of

composite.

Figure 4.46 SEM micrographs of tensile fracture surfaces of ABS/30wt% SGF
composites processed at a barrel temperature profile of 195-210-210-215-220 °C
and screw speed of (a) 100 rpm
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Figure 4.46 (Cont’d) SEM micrographs of tensile fracture surfaces of ABS/30wt%
SGF composites processed at a barrel temperature profile of 195-210-210-215-220
°C and screw speed of (b) 250 rpm

4.2.3.2 Barrel Temperature Profile

The viscosity of the melt containing glass fibers depends on the viscosity of the
polymer matrix as well as the process temperature. In order to avoid unfavorable
shearing conditions, the melt temperatures should be kept as high as tolerable
regarding thermal degradation. For the protection of fibers, a higher processing
temperature and consequently low melt viscosity would be advantageous; since
higher length enhances higher mechanical performance [244]. From this point of
view, the fiber length distributions as a function of barrel temperatures are shown in

Figure 4.47.
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Figure 4.47 Fiber length distributions of SGF/ABS composites processed at barrel
temperature profiles of 195-210-210-215-220°C (To), 195-230-230-235-240°C
(To+20) and 195-250-250-255-260°C (To+40)

It can be observed that as the temperature increases, less fiber degradation occurs.
As a result, the average fiber length value increases. The variation of mechanical
properties with respect to the change in barrel temperature is given in Table 4.8

(runs 6, 8 and 9).

The increase in tensile strength and modulus as barrel temperature increases is due
to the increase in fiber length that provides efficient load bearing capacity with
20°C of increase (Run 8). The sharp decrease in modulus at 40 °C of increment
(Run 9) can be attributed to the thermal degradation of ABS matrix, which was

observed as a darkening of colour during processing.
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The strain values show a slight variation, but this variation is in the range of the
experimental errors. It can be stated that no significant effect of temperature is
observed on the strain at break values of composites produced at different

processing temperatures.

Similar to the tensile modulus, values of flexural modulus are improved from Run 6
to Run 8 as the fiber length increases. The decrease in Run 9 can be again
interpreted as thermal degradation of ABS. The degradation effect is somehow not

observed in the case of impact strength.

4.2.4 Effects of Blend Composition, Compatibilizer Type and Content on the
Morphologies and Mechanical Properties of ABS/PA6/SGF Composites

The properties of the glass fiber reinforced composites depend on the properties of
matrix, fibrous glass and the interphase formed between them. Up to this part, the
effects of interfacial adhesion and final fiber dimensions were investigated. The
properties of the matrix have also great influence on the properties of
ABS/PA6/SGF composites. The properties of the matrix were dominated by the
compatibility of the phases and blend ratio. As shown in the previous part,
EnBACO-MAH yielded much finer morphology, consequently, much improved
mechanical properties rather than EMA-GMA. Therefore, EnBACO-MAH was also
used as a compatibilizer in the SGF composites. In the matrix of the composites, the
ABS/PAG6 part was (100-x) % of the blend, where x is the compatibilizer weight
percent in the blend which varied as 0, 5 and 10. The samples were named in the

order of ABS/PA6/Compatibilizer by giving the corresponding compositions.
Figure 4.48 shows the tensile modulus of ABS/PA6/SGF composites as the function

of PA6 and compatibilizer content. As it is seen from the graph that the dependence

of tensile modulus on the PA6 content is almost linear regardless of compatibilizer
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content. The lowest modulus value measured in the absence of compatibilizer
possibly due to the lower modulus of the matrix. As a matter of fact, there are two
different competing mechanisms here in compatibilized blends based composites.
One of them is improved interfacial adhesion between blend components with the
addition of compatibilizer and the other is the softening of the matrix growing out
of the elastomeric nature of the compatibilizer. The first case seems to be effective
in the presence of 5% compatibilizer in which higher modulus values are obtained.
On the other hand, as the compatibilizer content was doubled to 10%, the softening
effect becomes dominant. However, one should note that in both two cases, the

modulus of the composites were higher than that of incompatibilized blend based

composites.
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Figure 4.48 Tensile modulus of ABS/PA6/SGF composites as the function of PA6

and compatibilizer content
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Yield strength of ABS/PA6/SGF composites as the function of PA6 and
compatibilizer content are given in Figure 4.49. Yielding behavior of the
composites are strongly designated by the interfacial adhesion [240, 241, 245-248].
The increasing PA6 content in the composite positively influenced the yield
strengths of the composites. The possible reason can be the enhanced extend of
interaction between aminosilan on the fiber surface and the PA6. When the effect of
the compatibilizer content is considered, the lowest yield strength values were
obtained in the absence of compatibilizer. On the other hand, addition of 5%
compatibilizer resulted in higher yield strengths for each blend ratio. The difference
between yield strength values was very small at 20% and 50% PA6; however at
80% PAG6 the difference was very significant. The values measured for 10%

compatibilizer existed between 0% and 5% compatibilizer.
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Figure 4.49 Yield strength of ABS/PA6/SGF composites as the function of PA6

and compatibilizer content
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The critical fiber length of the compatibilized ABS/PA6/SGF composites could be
calculated using Equation 4.8, if the adhesion strength between fibers and the
matrix were known. In this case, by assuming well-established adhesion at

fiber/matrix adhesion, consequentially failuring in matrix phase, Equation 4.8 was

modified as [20, 233]:

o,d
r= lam = (4.9)
2 21,

where 1 is the interfacial adhesion which is equal to half of the matrix tensile
strength o;, (see Table 4.9) in the presence of well-established adhesion, Gy is the
tensile strength of the glass fiber used, which is 3500 MPa, d is the fiber diameter
and /. is the critical fiber length. The assumption made was proved by SEM
analysis, which will be discussed in forthcoming paragraphs. Figure 4.50 shows the
critical fiber length of ABS/PA6/SGF composites as the function of PA6 and
compatibilizer content. The values vary between 600 and 1250 p, however average
fiber length of ABS/PA6/SGF measured experimentally were all below 500 p (see
Figure 4.51). It should also be noted that average fiber length values increased with
increasing PA6 content in the blend. This can be attributed to the decreasing
viscosity of the system with increasing PA6, which was shown with MFI

measurements above.

Table 4.9. 6,,/2 of ABS/PA6/Compatibilizer matrix, (MPa)

6m/2, (MPa)
ABS/I.)A6 EnBACO-MAH Content (%)
Ratio

0 5 10
100/0 21 23 18
Om/2 80/20 22 23 19
(MPa) 50/50 19 24 18
20/80 29 26 22

0/100 34 - -
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Figure 4.51 Average fiber length of ABS/PA6/SGF composites as the function of

PA6 and compatibilizer content
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Figure 4.52 shows strain at break values of ABS/PA6/SGF composites as the
function of PA6 and compatibilizer content. It is seen that percent strain at break
values increase with the increasing PA6 in the matrix. Moreover, increasing

compatibilizer content also resulted in an increase in the percent strain at break

values.
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Figure 4.52 Strain at break values of ABS/PA6/SGF composites as the function of

PA6 and compatibilizer content

Figure 4.53 shows the notched charpy impact strengths of ABS/PA6/SGF
composites as the function of PA6 and compatibilizer content. The most striking
effect of the compatibilizers was observed in impact strength of the composites. In
the absence of compatibilizers, impact strength values were decreasing with PA6

concentration. When compatibilizers were added to the system, impact strength of
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composites was dramatically increased, and moreover at 50/50 blend ratio a
maximum was obtained. 5% compatibilizer improved impact strength more than

10% for 100/0, 80/20 and 50/50 blends.

The SEM micrographs of tensile fracture surfaces of 30wt% SGF reinforced as a
function of blend composition are given in Figure 4.54. It can be seen in SEM
micrograph of SGF reinforced 80/20/5 blends that most of the fibers were pulled-
out leaving dark holes in the matrix indicating poor interaction between fibers and
matrix. Short fibers were aligned through flow direction however some longer
fibers were misaligned. When the PA6 content is increased to 50%, the fibers
became longer probably due to the reduced viscosity. The number of pull-out fibers
is seemed to be lowered. Alignment of the fibers is less ordered due to the higher
average fiber length. Similar to 50/50/5 blends, nearly any fiber was not pulled-out
in the case of 20/80/5 blends. This can be attributed to the increased extent of

interaction between silane coupling agent over the fiber surface and polymer matrix.
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Figure 4.53 Notched charpy impact strengths of ABS/PA6/SGF composites as the

function of PA6 and compatibilizer content
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Figure 4.54 SEM micrographs of tensile fracture surfaces of 30wt% SGF
reinforced (a) 80/20/5 (b) 50/50/5
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Figure 4.54 (Cont’d) SEM micrographs of tensile fracture surfaces of 30wt% SGF
reinforced (c) 20/80/5 blends (x 250 magnification)

Figure 4.55 shows higher magnification SEM micrographs of fracture surfaces of
SGF composites as the function of matrix composition. It is observed from Figure
4.55-a that some of the fibers were coated with a layer of polymer; however there
still exists some uncovered fibers. As the matrix was zoomed in, the cavitated
particles (possibly compatibilizers or PA6 particles) became visible. This cavitation
of rubbers absorbs energy during fracture and forms new areas over which energy
can be spread; therefore, increasing impact strength with the addition of PA6 and
compatibilizer resulting from this energy absorbing mechanism. When the failure
type was focused, it can be observed that the failure of the composite occurred in
the matrix phase close to the fiber surface, which is typical for fiber reinforced

systems with good interfacial interaction.
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The morphology of 50/50/5 blend system resembles that of 20/80/5 blends (see
Figure 4.55-b). Some of the fibers were coated a sheath of polymer matrix. The

cavitation of the particles is still visible in the matrix phase.

As the matrix composition was changed to 20/80/5 blends (see Figure 4.55-c), it
was observed that all the fibers were coated with a thick sheath of polymer. The
zoomed picture taken from the surface of the fibers showed that the matrix was
plastically deformed possibly due to the matrix-shear yielding. In this case, the
cavitated dispersed particles were not obvious differing from the other

compositions.
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Figure 4.55 SEM micrographs of tensile fracture surfaces of 30wt% SGF reinforced (a) 80/20/5



Figure 4.55 (Cont’d) SEM micrographs of tensile fracture surfaces of 30wt% SGF
reinforced (b) 50/50/5 (c) 20/80/5 blends (x 1000 magnification)
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4.3 Nanocomposites Based on ABS/PA6 Blends

4.3.1 Effects of Matrix Composition, Clay Loading Level and Screw speed on
the Dispersability, Morphology and Mechanical Properties of Nanocomposites

In this part of the study, effects of matrix composition, clay loading level and screw
speed of compounder on the dispersability, morphology and mechanical properties
of organoclay based compatibilized ABS/PA6 nanocomposites were investigated.
In the blends, the ABS/PA6 part was (100-x) % of the blend, where x is the
compatibilizer weight percent in the blend which was 0 and 5 %. The samples were
named in the order of ABS/PA6/Compatibilizer by giving the corresponding

compositions.

Figure 4.56 compares the X-Ray diffraction patterns for the 5% organoclay and
nanocomposites produced from compatibilized ABS/PA6 blends at different ratios.
The X-Ray pattern for organoclay (see curve (a) in Figure 4.56) shows a broad
intense peak at 20=5.0°, corresponding to a basal spacing (doo;) of 18.0 A. The
nanocomposites based on 0/100/0 and 20/80/5 blends (see patterns (d) and (f) in
Figure 4.56) do not show a characteristic basal reflection, which is an indication of
completely exfoliated structure. The nanocomposites based on 100/0/0 blend
(pattern (b) in Figure 4.56) has a peak at 20=2.44° corresponding to a basal spacing
of 36.18 A, which shows an intercalated structure. Stretz et al. studied the effect of
organic modifier type on the exfoliation in ABS/OMLS nanocomposites [249].
They used different type of organoclays with different levels of polarities depending
on the organic modifier type used. However, X-Ray studies showed that even in the
case of the most polar clay, which was the same clay used in the current study, only
intercalated structures are obtained. This result coincides with results of X-Ray

investigation of ABS/OMLS nanocomposites given in the current study.

When the blend based nanocomposites are concerned, addition of PA6 to the

system resulted in an increase in the exfoliation of the organoclays. The sharp peak
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appeared in the case of ABS based nanocomposites significantly broadened and got
shallow for both 80/20/5 blend and 50/50/5 blend, which indicates that most of the
clays were exfoliated but intercalated platelets still existed. However, when the
ABS/PAG6 ratio was moved to 20/80, the peak completely disappeared as in 0/100/0
based nanocomposites. The results of the X-Ray analysis imply that organoclays
tend to exfoliate in the presence of the PA6, which is a result of chemical affinity

between organoclays and PA6 chains.

Intensity (cps)

©)
()
()
O~ e :

1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5

20

= (a) Cloisite 30B

— (b) 5%Clay in 100/0/0 matrix processed at 100 rpm
— (c) 5%Clay in 80/20/5 matrix processed at 100 rpm
— (d) 5%Clay in 0/100/0 matrix processed at 100 rpm
— (e) 5%Clay in 50/50/5 matrix processed at 100 rpm
= (f) 5%Clay in 20/80/5 matrix processed at 100 rpm

Figure 4.56 X-Ray patterns for organoclay and nanocomposites (The curves were

vertically offset for clarity)
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Scanning electron microscopy (SEM) was used to observe the effect of matrix
composition and screw speed on the morphologies of ABS/PA6 blends and effect of
matrix composition on the morphologies of ABS/PA6 blends based

nanocomposites.

Because of the highly polar carboxylic acid and amine end groups of PA6, binary
blends of ABS/PA6 are immiscible. Therefore, to obtain enhanced mechanical
property, which is an outcome of fine morphology; these materials have to be
compatibilized. Previous studies conducted showed that the olefin based
copolymers, such as carbonmonoxide modified ethylene-n butyl acrylate-maleic
anhydride (EnBACO-MAH) or ethylene-methyl acrylate-glycidyl methacrylate
(EMA-GMA), yielded a fine morphology for the blends in which ABS or PA6 was
dispersed with in each other [250, 251]. In the current study, ABS and PA6 were
compatibilized by using EnBACO-MAH and the amount of the compatibilizer was

kept constant (5 wt% of the matrix) throughout the experiments.

Figure 4.57-a shows the SEM micrograph of incompatibilized 80/20 blend system
in which PAG6 is dispersed in ABS matrix. It is obvious from the micrograph that the
morphology is very coarse and the shape of the particles diverged from spherical
form with average diameter of 17.4 microns. When the compatibilizer (EnBACO-
MAH, at 5 wt%) was added to the system, the dispersed phase size of spherical
particles became 1.72 microns, which is finer than the case of incompatibilized
blend system (see Figure 4.58-a). Actually, the principle aim of the interfacial
modification in immiscible polymer blends via addition of compatibilizers is to
decrease the particle size and to narrow the particle size distribution [252, 253]. The
reason of this reduction in particle size is a result of decreasing interfacial tension
and coalescence [254]. In Figure 4.58-b, the SEM micrograph of 80/20/5 blend
system processed at 200 rpm can be observed. According to Taylor model [255,

256], which assumes a single Newtonian drop deforming in shear flow:
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where D is the dispersed particle diameter, o is the interfacial tension, 7 is the

shear rate and the 7, is the ratio of the viscosity of the dispersed phase to the matrix

phase (validity of 77, <2.5 will be discussed in the forthcoming section). It is seen

in the equation that the shear stress, 7 = j/77m is inversely proportional to the

dispersed phase size. This means that an increase in shear stress, which can be
arranged by varying the screw speed for a given viscosity of the material to change
the shear rate, can decrease the dispersed phase size. As a result of image analysis,
the reduction in the average dispersed particle diameter is about 62% (1.72 p to

1.06 p), although the increase in screw speed is twofold.

SEM micrographs given in Figure 4.59-a and b show the phase morphologies of the
ABS/PA6 blends at the equal amounts, 50/50 by weight. The dispersed phase
morphology of incompatibilized 50/50 blends system seen in Figure 4.57-b became
co-continuous, which means both ABS and PA6 phases are continuous. According
to Paul and Barlow model [257], a co-continuous morphology can be observed
when the ratio of volume fractions, @, and @, is equal to the ratio of viscosities, 7,

and 77, of phases 1 and 2:

L _m 4.11)
o, n,
The volume ratios, ®aps/Ppac = 0.965 was calculated by using the melt densities of
the ABS and PA6 system at 230°C, respectively, 0.97 g/cm® and 0.96 g/cm’.
According to equation (4.11), n4ss/1pas 1S expected to be around 1 to obtain a co-

continuous morphology. This can also confirm the validity of equation (4.10). The
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change in the morphology for the 50/50 blend system with the addition of
compatibilizer can be attributed to the increasing viscosity of the PA6 phase
because of the possible grafting reaction between amine end groups of PA6 chains
and maleic anhydride group of compatibilizer [174]. Therefore, the viscosity ratio is
able to converge to the ratio of volume fractions. Similar results were obtained for
the blends prepared in conventional twin-screw extruder. When the screw-speed is
increased to 200 rpm, the co-continuous morphology still exists but in this case, the
phases are much smaller because of the increased shear rate (see Figures 4.59 a and

b).

Figure 4.60-a and b show the SEM micrographs of 20/80/5 blend system prepared
at 100 and 200 rpm. In this case PA6 is the matrix and ABS is the dispersed phase.
The addition of compatibilizer reduces the dispersed particle size from 16.6 pu (see
Figure 4.57-c) to 1.56 pn. When the screw speed increased to 200 rpm, the dispersed
particle size decreased almost 50% (from 1.56 pu to 0.69u), which is an influence of

the increasing shear rate.

Figure 4.61-a shows the SEM micrographs of fracture surface of 5% clay reinforced
80/20/5 blend system processed at 100 rpm. Even though the addition of the clay in
polymer blends has usually been seen to promote the compatibility between the
blend components [54, 258-260], the addition of clay to the blend disturbed the
morphology of the blend. The spherical particles became lamellar, fibril-like or
distorted spheres (i.e. ellipsoids) in the presence of clays. The average dispersed
particle size was increased by the addition of the clay to the 80/20/5 blend system.
When the 50/50/5 blend based nanocomposite is considered, addition of clay did
not make any significant change to the co-continuity of the matrix. Figure 4.61-c
shows the SEM micrographs of the fracture surface of 5% clay reinforced 20/80/5
blend based nanocomposite. Addition of clay to the matrix slightly decreased the
average dispersed particle diameter from 1.56 p to 1.20 p. One can draw a
conclusion by considering the influences of addition of clay to the blends that

incorporation of clays tend to increase the viscosity of PA6 phase; therefore, when
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PAG6 was the dispersed phase, morphology became coarser because of the difficulty
in droplet break-up as the viscosity ratio increased, or when PA6 was matrix, the
dispersed particle size decreased because of the ease of droplet break-up due to the

reduced viscosity ratio.

TEM micrographs of 80/20/5, 50/50/5 and 20/80/5 blend based nanocomposites
containing 5% clay is shown in Figure 4.62 a, b and c, respectively. The black
regions seen in Figure 4.62-a are the PA6 phase dispersed in grey continuous
matrix, which is ABS. Clay layers are selectively dispersed in PA6 phase rather
than ABS because of the great affinity between highly polar tails of the organic
modifier molecule and PA6. This observation is also valid for 50/50/5 and 20/80/5
blends based nanocomposites (Figure 4.62 b and ¢). When the magnification of the
TEM micrographs are increased (Figure 4.63 a and b), it can be better seen that
most of the organoclays are highly exfoliated into single layers which were
selectively localized in PA6. Stacks of two or three layers can also be observed in
PA6, but mainly in the interphase region of ABS/PA6 (encircled in Figure 4.63-b).
These agglomerations of the clay layers at the interfacial region was also observed
for PA6/polypropylene blends based nanocomposites and it was attributed to the

surface tension [261].
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Figure 4.57 SEM micrograph of (x500) (a) incompatibilized 80/20 (b)
incompatibilized 50/50
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Figure 4.57 (Cont’d) SEM micrograph of (x500) (c) incompatibilized 20/80 blend
system processed at 100 rpm (PA6 phase was etched-out by formic acid extraction)
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SEM micrograph of (x1000) 80/20/5 blend system processed at
196

(a) 100 rpm (b) 200 rpm (PA6 phase was etched-out by formic acid extraction)

Figure 4.58
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Figure 4.59 SEM micrograph (x1000) of 50/50/5 blend system processed at
(a) 100 rpm (b) 200 rpm (PA6 phase was etched-out by formic acid extraction)
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Figure 4.60 SEM micrograph of 20/80/5 blend system processed at (a) 100 rpm
(x1000) (b) 200 rpm (x5000) (ABS phase was etched-out by THF extraction)
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Figure 4.61 SEM micrograph (x1000) of nanocomposites at clay loading of 5% and
processed at 100 rpm based on (a) 80/20/5 blend system (PA6 phase was etched-out
by formic acid extraction), (b) 50/50/5 blend system (PA6 phase was etched-out by

formic acid extraction),
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Figure 4.61 (Cont’d) SEM micrograph (x1000) of nanocomposites at clay loading
of 5% and processed at 100 rpm based on (c) 20/80/5 blend system (ABS phase was
etched-out by THF extraction)

The properties of organoclay based nanocomposites are highly dependent on the
average aspect ratio (ARgyg) of the particle, which is the ratio of the average length
(lavg) to average particle thickness (tay,) in the form of single platelets or stacks [262,
263]. In most cases, although the high levels of exfoliation are desired; mixture of
exfoliated and intercalated structures can be obtained because of lack of
thermodynamic favorability and insufficient shear. Because of the presence of these

kinds of structures, the AR,,, of the particles can exhibit variations.
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Figure 4.62 TEM micrographs of nanocomposites based on 5% clay reinforced blends (a) 80/20/5 (b) 50/50/5 (c) 20/80/5

processed at 100 rpm (scale bar corresponds to 2 )
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Figure 4.63 TEM micrographs of (a) PA6 phase (b) ABS/PAG6 interphase in nanocomposites based on 5% clay reinforced 50/50/5
blend processed at 100 rpm



Different than glass fiber composites, the determination of filler aspect ratio for
layered silicate nanocomposites is not an easy procedure. Good estimates require a
thorough analysis of TEM photomicrographs at different magnifications. Figure
4.64 illustrates various complications of calculating an aspect ratio from TEM
photomicrographs that arise from variations in both length, or diameter, and
thickness. Clay platelets intrinsically have a distribution of lateral dimensions. The
recovery, refinement, chemical treatment, and post-treatment of these clays may

contribute to the variation in filler geometry [262].
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stacks actual variation in length

Figure 4.64 Examples of complications in the determination of the aspect ratio of

layered silicate fillers within polymer nanocomposites [262]

Furthermore, extrusion of these clays with polymer and any additional melt
processing steps that follow, i.e. injection molding, will increase the range of
particle shapes and sizes, particularly when the organoclay is not completely

exfoliated as illustrated in Figure 4.64 [262]. Moreover, microtoming of the
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nanocomposite sample into thin sections for TEM analysis will also result in an
apparent distribution of observed particle sizes even if all disk-like platelets were
the same size [262]. The experimental average length will thus be smaller than the
true diameter; this effect is most severe when the thickness of the section is much
less than the platelet diameter. As section thickness increases to levels well beyond
the particle diameter, however, the experimental average becomes much closer to
the true value [264]. In Figure 4.65, some examples of multilayered-clay structures

obtained in TEM analysis were shown.

100 nm

Figure 4.65 Some examples of multiple-layered particles seen in the TEM

micrographs of the nanocomposites analyzed
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In order to estimate the l,,, of the particles semi-automatic image analysis was
conducted. As mentioned earlier, direct calculation of thickness of an incompletely
exfoliated particle is not a straightforward method by image analysis. Stacks of
platelets consist of residual original montmorillonite, non-expandable forms of clay,
collapsed organoclay in which the organic surfactant has been completely degraded
or has escaped, etc [262]. If the dispersed structure were pure montmorillonite or
non-expandable clay, as depicted in Figure 4.66, the thickness of each particle may
be calculated by [262]:

tparticle = d()()l(n'l) +tplatelel (4 1 8)

where t,.icie 18 the thickness of each particle, dyg; 1s the repeat spacing for the
intercalated clay or organoclays, n is the number of platelet per stack (obtained
manually counting from the high resolution TEM images) and #,/a: is the thickness
of each individual clay platelet. dyp; = 1.8 nm (obtained from X-Ray analysis of
Cloisite 30B) and #)j4e1e,= 0.94 nm (calculated theoretically) reported by Fornes and
Paul [262] for the same clay, Cloisite 30B®, were used in the current study.

The results of image analysis and AR,y calculation are summarized in Table 4.10
and corresponding distribution curves are given in Appendix C. It should be noted
that the image analysis was only performed for the 5% clay containing blends as a
function of blend composition and screw speed. Average number of platelet per
particle is less than 2. This means that the number of exfoliated layers into single
platelet is much higher than that of stacks formed by multiple platelets. As the PA6
content increased in the matrix, it can be seen that the l,,, increased, the average
number of platelet per stack, therefore t,,, decreased, as a result AR,,, increased,
both for 100 rpm and 200 rpm. One can attribute this increment in AR, to the
affinity between organoclays and PA6, hence when the amount of PA6 increased in
the blend it means that the possibility of diffusion of PA6 chains into the galleries

of clays is much higher. On the other hand, as the PA6 concentration increases the
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clay concentration in the PA6 phases is diluted. Therefore, the possibility of contact
of clay particles which can result in a reduction of the length of the filler in

composites loose its effectiveness.

Basically, increasing shear rate in the melt processing is expected to promote the
exfoliation through shearing apart of the clay platelets from the stacks. However,
Dennis et al. [43] proved that when organoclays and polymer matrix are compatible,
such as Cloisite 30B® and PA6, the exfoliation processes occurred regardless of the
extruder type and shear intensity of the extruder; on the other hand, when the
organoclay and polymer is marginally compatible, such as Cloiste 15A®
(montmorillonite modified with dimethyldihydrogenated tallow quaerternary
ammonium chloride) and PAG6, for a given extruder type from medium to high shear
intensity configuration, a degree of shear intensity was reached where exfoliation
and dispersion did not increase, but it became worse. This means that for a given
extruder type, the highest shear configuration or condition does not give the best
exfoliation. In the present study, the combination of organoclays, Cloisite 30B®,

and PAG is an example of the compatible case.

As the screw speed doubled (from 100 rpm to 200 rpm), it is obtained that the
average number of platelets per particle together with t,,, decreased, therefore the
AR,y increased. In our case, the system is much complicated than for a
nanocomposite system which is formed only from PA6 and Cloisite 30B®.
However, basically for the microcompounder, for a certain residence time, as the
screw speed increased the number of recirculation of the melt in the closed-loop
increased; therefore, the number of passes of the melt over the screws increased.

Thus, higher degree of dispersion can be obtained as the screw speed doubled.

Mechanical properties of OMLS based nanocomposites for a given polymer and
clay are strongly dependent on the state of dispersion of clay platelets (i.e. level of
exfoliation), geometry of the filler (i.e. ARayg), orientation of the clay platelets,

interaction between platelets and polymer matrix (i.e. interfacial adhesion) and level
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of clay loading. Especially modulus of the nanocomposites is highly dependent on
the state of dispersion of the clay platelets and can be determined at bulk sample
sizes; therefore, it is easy and it can support the microscopic methods to evaluate

the dispersion or morphology [265].
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Figure 4.66 Details of thickness calculation of (a) an individual MMTplatelet, (b)
an unexchanged or non-expandable clay stack, e.g. sodiumMMT or talc-like clay,

(c) an organoclay stack intercalated with surfactant and polymer [262]
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Table 4.10 Results of image analysis performed on TEM images for 5% clay reinforced blends based nanocomposites

Number of Average particle Average particle

Nanocomposite system Average Average aspect

(ABS/PA6/Compt.) Eszgczl:; lenzgrfll;;)lavg platelets/particle, n thidg:frsl;’ tavg ratio (layg/tave)
proig/szs(e)élsé}is(;?)nl}pm 312 88.7 1.59 2.00 44.35
prof:(e)t/sssgilséyls(;?)n;pm 343 2.1 1.36 1.59 70.50
pr(fc()e/si(ég @S/}{%fgf?pm 432 1157 L.15 1.21 95.62
proi(;/szsgilsé};s(;?)r?pm 250 91.2 1.32 1.52 60.00
pro?:(e):/szgils@sys(;f)n;pm 325 101.0 1.26 1.41 71.63
20/80/5 system 395 1173 L1 L1 01 12

processed @ 200 rpm




The complexity of present system arises from the selective dispersion of the clay
between ABS and PA6 phases. The TEM study showed that clay layers are
exfoliated in PA6 phase and agglomerated in the interfacial region between two
phases. Therefore, prearranged experimental percentages of the clay loadings varied
on the basis of PA6, which is the reinforced phase. Figure 4.67 shows the
experimental clay loading level versus clay loading based on PA6 in the blend.This
calculation was carried out by considering all the calys were located in PA6. When
the clay loading level based on PA6 is considered, 80/20/5 blend system which
contains experimentally 3 and 5 % clay, and both 50/50/5 and 20/80/5 blend
systems which contain experimentally 5 % clay seem to be over-loaded. The others
have around 5% or lower based on PA6, which is reasonable for thermoplastic

based melt-intercalated nanocomposites.
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Figure 4.67 Experimental clay loading level vs clay loading based on PA6
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Effect of blend composition and screw speed on Young’s Moduli of blends and 5%
clay reinforced blends based nanocomposite is given in Figure 4.68. When the
moduli of the blends were compared as a function of blend composition, as the PA6
content increased, it was observed that the moduli increased monotonously for the
compatibilized system. The effect of compatibilizer can also be observed from the
moduli of 50/50 blend systems. In the presence of olefin based compatibilizer, the
modulus of blend decreased with respect to blend without a compatibilizer due to

the elastomeric, soft character of the compatibilizer.
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Figure 4.68 Effect of blend composition and screw speed on Young’s Moduli of

blends and 5% Clay reinforced blends based nanocomposite
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Young’s Moduli of nanocomposites are higher than that of blends, even for 80/20/5
system whose PA6 based clay content is almost 28 %. When the moduli of blends
are considered, the values are higher than ABS’s and lower than PA6’s, and they
gradually increase with increasing PA6 possibly due to the morphology change
from dispersed PA6 to continuous PA6. As the PA6 content increased, as a general
trend, the Young’s Moduli increased also for nanocomposites. The improved ARgy,

is believed to be the responsible for this behavior.

Increasing screw speed slightly increases the moduli of the blends. One can
attribute this slight improvement to the reduction in the phase dimensions and the
increased number of pass over the screws of the extruder, which can increase the
extent of compatibilization reaction; therefore this can give rise to the interfacial
adhesion. When the modulus ratio’s of nanocomposites to that of its blends are
compared, it can be seen that the ratio stays constant at 100 rpm regardless of PA6

content, on the other hand this ratio increases gradually with PA6 content for 200

rpm.

Figure 4.69 shows the effect of clay loading level on Young’s Moduli of
nanocomposites based on 50/50/5 blend system processed at 100 and 200 rpm. It is
seen from the graph that regardless of screw speed, the moduli increased almost
linearly with increasing clay content. As the screw speed doubled, a slight
improvement was obtained, which can be attributed to the increase in the AR,,, and
improved interfacial adhesion, as mentioned above. Beside the improvement in
reinforcing efficiency of clays with increasing AR,y,, it maximizes the polymer clay
contact area, so called interfacial area, which results in higher modulus due to

resctriction in mobility of polymer chains.
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Figure 4.69 Effect of clay loading level on Young’s Moduli of nanocomposites

based on 50/50/5 blend system processed at 100 rpm and 200 rpm

The variation of yield strength and percent strain at break with respect to blend
composition and screw speed at 5% clay loading, and clay loading level at 50/50/5
blend composition is exhibited in Table 4.11. For neat-ABS, neat-PA6 and the
blends processed at 100 rpm, incorporation of 5% clay resulted in increase in yield
strength value due to the restricted mobility of the polymer chains because of the
their adsorption on the platelet surfaces. The level of improvement with the addition
of 5% clay increased with increasing content of PA6 in the matrix. This can be
attributed to the increment in AR,,, when the PA6 content increased. The effect of
screw speed on yield strength is significant for 50/50/5 and 20/80/5 systems. For
these systems the higher the screw speed the higher the yield strength, probably due

to the improved dispersion of platelet which resulted in higher AR,,, values.
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Table 4.11 Mechanical and flow properties of blends and blends based

nanocomposites
Material (ABS/PA6/Comp.) Yield Strength Strain at break
and Process Condition (MPa) (%)
Pure-100 rpm 44.2+1.8 28.24+3.2
ABS 5% Clay-100 rpm 58.4+2.3 6.2+2.1
5% Clay-200 rpm 60.1+1.9 5.6+1.3
Blend-100 rpm 48.1+2.1 13.1£3.2
Blend-200 rpm 49.2+1.2 12.9+2.2
80/20/5 5% Clay-100 rpm 58.6+2.3 6.9+£3.4
5% Clay-200 rpm 57.8+2.8 7.3+2.2
0% Clay -100 rpm 45.2+0.9 18.3£2.5
0% Clay -200 rpm 52.3+1.7 19.444.3
1% Clay-100 rpm 57.6+2.1 4.8+2.1
1% Clay-200 rpm 60.1+3.0 5.1+1.1
3% Clay-100 rpm 65.2+0.9 4.2+2.4
5075075 394, Clay-200 rpm 69.4+2.1 44425
5% Clay-100 rpm 72.042.9 3.042.1
5% Clay-200 rpm 77.5+4.3 3.3£2.0
10% Clay-100 rpm 58.3+6.7 3.1+1.6
10% Clay-200 rpm 56.4+3.7 3.6+0.9
0% Clay -100 rpm 56.4+3.2 56.2+3.2
20/80/5 0% Clay -200 rpm 62.1+1.8 55.342.6
5% Clay-100 rpm 78.3+2.7 7.6+4.3
5% Clay-200 rpm 82.3£3.2 7.3+£3.8
Pure-100 rpm 67.1+1.4 166.3+4.5
PAG6 5% Clay-100 rpm 87.2+2.1 9.1+4.2
5% Clay-200 rpm 92.3+2.1 8.4+3.8

The effect of clay loading level on yield strength is also given for 50/50/5 blend. It
can be observed that increasing the clay concentration up to 10% increased the yield
strength values. For 10% clay loading the yield strength values decreased sharply.
The factor that contributed to the lowering of the yield strength at high clay
loadings is the filler-filler interaction of the platelets, resulting in agglomerates,
which reduces the AR,y,. According to Akkapeddi [265], after a critical level of

clay loading, the exfoliation-ability of the clays decreases. The explanation for the
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onset of a threshold organoclays concentration was stated by Chow et al. [266] that
the matrix molecules are less than needed to intermingle with those of the
intercalant (modifier); therefore clay layers stack together instead of delamination.
This optimum loading level depends on the type of polymer/clay couple. For
polyimide/montmorillonite nanocomposites, this limit is 6 wt% and for PA6 it is <5

wt% [266].

In the current study, PA6 based clay concentrations for 1, 3, 5 and 10 wt%
reinforced 50/50/5 blend based nanocomposites are, respectively, around 2, 6.5, 12
and 24 wt% (see Figure 4.67). Especially, blends at 5 wt% clay concentrations seem
to be very high when one considers the PA6 based concentrations. However, even
for 5 wt% reinforced 80/20/5 blend, an improvement in mechanical properties was

obtained with respect to pure matrix.

Possible clay dispersion mechanism was proposed to figure out the reinforcing
mechanism in ABS/PA6 blends based nanocomposites in Figure 4.70, based on
TEM observations. According to mechanism, at high clay loadings, the excess
clays that can not be exfoliated by PA6 chains because of the inadequate number of
matrix molecules to intermingle between the intercalants tend to accumulate at the
ABS/PAG interphase, because they can not be strongly bonded to matrix because of
smaller surface area. In the core region (shown by white dashed lines) of PA6
phase, there exists fully exfoliated platelets; hence this region is reinforced by these
exfoliated layers. Therefore even at high clay loading, presence of this reinforced

core region can lead to increase the strength of the nanocomposite.

There should also be a maximum concentration of clay loading. Beyond this
concentration, at which interfacial zone is saturated by stacks and platelet
agglomerates, the excess exfoliated/unexfoliated clays can start to accumulate in the
core region of the PA6. After this saturation concentration, one might expect a

sharp decrease in the strength.
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When the strain at break values are considered, it can be seen that incorporation of
clay sharply reduced the strain values regardless of the screw speed because of the
restricted mobility of the polymer chains in the presence of clay platelets. As the

clay concentration increased, the strain values decreased gradually.

Agglomeration
zone

> Reinforced

zone

Figure 4.70 Illustration of proposed clay dispersion in ABS/PA6 blends based

nanocomposites

4.3.2 Effects of Screw Rotation Mode, Mixing Time and Screw Modification on
the Dispersability, Morphology and Mechanical Properties of Blends and

Blends Based Nanocomposites

One of the important issues affecting the performance of the blends is the blend
morphology. For multicomponent polymer systems, the morphology of the phases
is controlled by droplet break-up process [255, 256]. The parameters that influence
this process are given in the capillary number, Ca, which is the ratio of the

deforming stress to the interfacial forces [237]:
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Ca=m? (4.11)
o/R

where 77, 1s the matrix viscosity, 7 is the shear rate in simple shear flow, o is the

interfacial tension and R is the droplet radius. If Ca is higher than a critical value,
Ca.,;; the particle becomes unstable and breaks-up. To have larger Ca, either a high

y or smaller o should be required for a given polymer couple. In the current study,
the matrix viscosity 77, and o were fixed by fixing the composition of the

ABS/PA6/Compatibilizer blends. Therefore, only parameter was the shear rate, 7,

imposed by the flow in the extrusion.

The SEM micrographs of 80/20/5 blend system processed at 100 rpm are shown in
Figure 4.71 a and b as a function of screw rotation mode. The black holes seen in
micrographs were left after removal of PA6 phase by etching. It is seen that, the
particle size of PA6 in co-rotation is much finer than that of in counter-rotation
(1.72 p and 6.30 p, respectively). This alternation in phase sizes can be attributed
to the insufficient shear rate in counter rotation mode under same processing
conditions [267]. Another factor is the flow patterns of the polymer melts. In tightly
intermeshing counter-rotating extruders, the screw-speeds are in the intermeshing
region are the same direction; therefore, material which enters the intermeshing
section continues to flow through this region. However, when the clearance
between the screws is very small, the amount of material which can flow through
the intermeshing region will be quite small. As a consequence, a mass of material
starts to accumulate at the entry of this region [268]. This accumulation can lead to

coalescence of the dispersed phase which results in larger dispersed particles.

When the blend ratio was changed to 50/50/5 (see Figure 4.71 c and d, black holes
seen in micrographs were left after removal of PA6 phase by etching), the dispersed
phase morphology altered to co-continuous morphology [250, 251]. In co-rotation,

this differentiation in morphology was much significant than in counter-rotation. In
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counter-rotation, a combination of co-continuous and very coarse, non-spherical

dispersed phase morphology was seen.

Figure 4.71 SEM micrographs of blends (a) 80/20/5 processed with co-rotating
twin screws at 100 rpm (x1000), (b) 80/20/5 processed with counter-rotating twin
screws at 100 rpm (x1000)
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Figure 4.71 (Cont’d) SEM micrographs of blends (c) 50/50/5 processed with co-
rotating twin screws at 100 rpm (x1000), (d) 50/50/5 processed with counter-
rotating twin screws at 100 rpm (x200)
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Figure 4.71 (Cont’d) SEM micrographs of blend (e) 20/80/5 processed with co-
rotating twin screws at 100 rpm (x1000),
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Figure 4.71 (Cont’d) SEM micrographs of blend (f) 20/80/5 processed with

counter-rotating twin screws at 100 rpm (x1000)

Further increase in PA6 to ABS ratio resulted in a dispersed phase morphology, but
in this case PA6 is continuous phase and ABS is dispersed (see Figure 4.71 e and f,
black holes seen in micrographs were left after removal of ABS phase by etching.).
Image analysis results indicated that in co-rotation the average dispersed phase size

is smaller than that of counter-rotation.

The effect of the screw rotation-mode and modification on the morphology of
50/50/5 blend based 5% clay containing nanocomposite are shown in Figure 4.72 a,
b and c. The black holes seen in micrographs were left after removal of ABS phase
by etching. Regardless of processing history, all the three cases were co-continuous.

However, the level of capillarity of the phases was different in all cases. In modified
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co-rotation, the phases were more intermingled than the ones in counter and co-

rotation.
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Figure 4.72 SEM micrographs of 5 %wt clay containing 50/50/5 blend based

nanocomposites (a) processed with co-rotating twin screws at 100 rpm,

(b) processed with counter-rotating twin screws at 100 rpm
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Figure 4.72 (Cont’d) SEM micrographs of 5 %wt clay containing 50/50/5 blend

based nanocomposites (c¢) processed with modified co-rotating twin screws at 100

rpm

Figure 4.73 displays the XRD curves of 5wt% organoclay containing
nanocomposites based on ABS, PA6 and their compatibilized blends as the function
of processing conditions and blend composition. The curve (1) in Figure 4.73 a-d is
the XRD pattern for Cloisite 30B showing an intense, broad peak at 20=5.0°,
corresponding to a basal spacing (dgo;) of 18.0 A. The nanocomposite based on
only PA6 (0/100 in Figure 4.73-a) does not exhibit any peak relevant to clay layers.
This can be considered as fully exfoliated structure. On the other hand, the
nanocomposite based on ABS (100/0 in Figure 4.73-a) exhibits a sharp peak at
20=2.44° corresponding to a basal spacing of 36.18 A and a broad peak around
20=5.0°. This implies that most of the clays are intercalated but there still exists

some unexfoliated stacks [269].
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Figure 4.73 XRD patterns of nanocomposites containing Swt% organoclay based on (a) pure matrices, (b) 80/20
blend, The numbers stand for (1) Cloisite® 30B, (2) 200 rpm modified co-rotation, (3) 100 rpm modified co-
rotation, (4) 200 rpm counter-rotation, (5) 100 rpm counter-rotation, (6) 200 rpm co-rotation, (7) 100 rpm co-
rotation, (8) ABS based nanocomposites, 100 rpm co-rotation, (9) PA6 based nanocomposites, 100 rpm co-rotation.

(XRD patterns were vertically offset for clarity)
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Figure 4.73 (Cont’d) XRD patterns of nanocomposites containing Swt% organoclay based on (c) 50/50
blend, (d) 20/80 blend. The numbers stand for (1) Cloisite® 30B, (2) 200 rpm modified co-rotation, (3) 100
rpm modified co-rotation, (4) 200 rpm counter-rotation, (5) 100 rpm counter-rotation, (6) 200 rpm co-

rotation, (7) 100 rpm co-rotation, (8) ABS based nanocomposites, 100 rpm co-rotation, (9) PA6 based

nanocomposites, 100 rpm co-rotation. (XRD patterns were vertically offset for clarity)



XRD curves of 80/20 blends based nanocomposites prepared at different processing
conditions are given in Figure 4.73-b. The addition of PA6 into the ABS together
with a compatibilizer resulted in a very broad peak (see Figure 4.73-b (7)). This
means that most of the clays were exfoliated; however there still exist unexfoliated
or intercalated platelets, so called stacks. One should note that the organoclay,
Cloisite 30B, used in the current study is confirmed to be compatible with PA6 in
PA6/organoclay and PA6-polymer blends/organoclay nanocomposites [269-273].
Therefore, increase in level of exfoliation by the incorporation of PA6 can be
attributed to improved compatibility between the organoclay and polymer matrix.
Doubling the screw-speed to 200 rpm increased the level of exfoliation, therefore
no peak was observed for curve (6). When counter-rotation is considered (curves 4
and 5), the broad peak at 100 rpm (curve 5) disappears as the screw speed increased
to 200 rpm. XRD patterns of the nanocomposites prepared using modified screw
(curves 2 and 3) did not exhibit any peak relevant to organoclay pointing a fully

exfoliated dispersion of organoclay platelets.

In contrast, organoclay peaks are fully absent in all XRD curves of 50/50 and 20/80
blends based nanocomposites independent of processing history as the PA6 ratio is
increased. Thus, it can be expected that morphology of nanocomposites based on
50/50 and 20/80 blends prepared at different processing conditions contains a
substantial amount of individual platelets dispersed in matrix. XRD results suggest
that the chemical affinity plays a significant role in exfoliation mechanism. If the
chemical affinity is somehow prohibited (i.e. saturation of compatible phase), then

processing conditions become significant as in the 80/20 blend system.

Some representative TEM micrographs of the nanocomposite systems are given in
Figures 4.74-4.77. When the nanocomposite based on ABS is considered (see
Figure 4.74), a combination of clay stacks seen as dark spots and delaminated
platelets seen as individual particles located in the outer part of the stacks were
observed. This also confirms the results of the XRD analysis which indicates an

intercalated structure of ABS/organoclay nanocomposites. Figure 4.75-a and b
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display TEM micrographs of the representative 50/50 blend based composites
processed at 100 rpm with co-rotating screws. The dark region is the PA6 and the
grey surrounding region is the ABS phase. Clays were selectively dispersed in PA6
phase and there is no clay platelet seen in ABS phase possibly because of the higher
chemical affinity to PA6 rather than ABS. Similar observation was also presented in
elsewhere [270, 271, 274, 275] for PA6 blends based nanocomposites. The higher
magnification in TEM image (see Figure 4.75-b) of PA6 phase shows that clay
platelets were mostly exfoliated as individual layers indicating a nano-scaled
dispersion; however some few double or triple layered skewed stacks [276, 277,

278] are also observed.

Figure 4.74 TEM micrograph of nanocomposite based on ABS (100/0) containing

S5wt% organoclay processed at 100 rpm co-rotation mode
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Figure 4.75 TEM micrographs of nanocomposite based on 50/50 blend system
containing 5wt% organoclay processed at 100 rpm in co-rotation mode (a)
Nanomorphology of blend showing both two phases, (b) Nanomorphology of PA6
phase only
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The nanomorphology of the composites based on 50/50 blend processed at 100 rpm
with counter-rotation or modified co-rotation is seen in Figures 4.76 and 4.77,
respectively. Note that the selective dispersion of clay layers in PA6 was also valid
for these materials. TEM micrographs show a well-exfoliated structure consisting

largely of individual clay platelets dispersed within PA6 matrix.

The white spots seen in the TEM micrographs stand for the compatibilizer domains.
It is seen that the phase sizes of the compatibilizer are smaller than 0.5 p. The
compatibilizer, EnBACO-MAH, dispersed in both ABS and PA6 phases; however,
the domain sizes in ABS phase are much larger than those of PA6 phase (see Figure

4.75-a).

In order to better discern between the processing conditions, a semi-automated
image analysis was conducted by aiming to obtain average aspect ratio (ARgyg) of
nano-particles which can be considered as an indicator for the level of dispersion
and defined as the length per thickness. The results of image analysis and ARaye
calculation are summarized in Table 4.12. It should be noted that the image analysis
was only performed for the 5% clay containing 50/50 blends as a function of

processing condition.

Average number of platelet per particle is less than 2 in each condition. This means
that the number of exfoliated layers into single platelet is much higher than that of
stacks formed by multiple platelets. Screw speed in co-rotation has no significant
influence on the AR, (see I and II in Table 4.12). When average length of particles
(lavg) and platelet per particle (n) are taken into account, increasing screw speed
slightly decreased both of them in the co-rotation. The modification of the screw to
promote elongational flow resulted in an improvement in AR, with respect to
unmodified co-rotating screws regardless of screw speed (III and IV in Table 4.12).
The level of dispersion capability of counter-rotating screws was lower than that of
modified or unmodified co-rotation when the AR, of the particles are taken into

account at 100 rpm.
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Figure 4.76 TEM micrographs of nanocomposite based on 50/50 blend system
containing 5wt% organoclay processed at 100 rpm in counter-rotation mode a)

Interfacial region, b) PA6 phase
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Figure 4.77 TEM micrographs of nanocomposite based on 50/50 blend system
containing Swt% organoclay processed at 100 rpm in modified co-rotation mode a)

Interfacial region, b) PA6 phase
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Table 4.12 Results of image analysis performed on TEM images for selected compositions

Average

No Nanocomposite Number of Average particle Average . particle Average.
. length, 1,,, platelets/particle, . aspect ratio
system particles analyzed (nm) i thickness, t,, (ove/tave)
(ABS/PA6/Comp.) (nm) aveTave
50/50/5
I processed @ 100 rpm 343 112.1 1.36 1.59 70.50
co-rotation screws
50/50/5
1I processed @ 200 rpm 325 101.0 1.26 1.41 71.63
co-rotation screws
I 50/50/5
processed @ 100 rpm with 279 129.2 1.12 1.16 111.38
modified co-rotation screws
50/50/5
v processed @ 200 rpm 322 128.2 1.13 1.17 109.57
modified co-rotation screws
50/50/5
v processed @ 100 rpm 296 107.2 1.45 1.75 60.90

counter-rotation




Figure 4.78 shows the schematic of axial force measurement set-up. The barrel of
the micro-extruder is positioned on a lever, which swivels around a stationary axis
and counter balanced by a load-cell at the other end. The load-cell is typically 10
kN in range and measures the axial force exerted by the barrel opposing the pushing
forces imposed by the screws towards the bottom while the melt was pumped
through the recirculation channel or die. Either screw speed or axial force can be
controlled fixing one of them by means of a control unit. This also provides the
opportunity of controlling throughput in some certain applications. In the current
study, the axial force measurement is conducted to verify the screw modification
and to obtain qualitative information about rheological properties of
nanocomposites as a function of matrix composition. All the vertical force data
obtained at the end of 2 minutes of mixing to ensure that there is no unmelt polymer

remained in the extruder.

9 Axial force
display in kN

Control
Unit

: Mixing chamber

Adjustable gap

=
i
-
<

<—Load-cell: 10kN
Die

Figure 4.78 The schematic of axial force measurement set-up

Figure 4.79 represents the dependence of axial force on the screw geometry, speed

and blend composition. Under same processing conditions (i.e. screw geometry,
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screw speed and barrel temperature), the axial force measured depends on the melt
viscosity of the system. It can be observed from the Figure 4.79 that increasing PA6
in the nanocomposite decreased the axial force. This indicates that the melt
viscosity of the nanocomposites is inversely proportional to the PA6 composition in
the blend together with increasing level of exfoliation seen in XRD plots. Recently,
Paul and co-workers have performed experiments using dynamic and steady shear
capillary rheometers over a large range of frequencies and shear rate for pure
polyamide-6 with different molecular weights and their nanocomposites [279]. The
results of steady shear experiments showed that the nanocomposite melt viscosities
of the low molecular weight polyamide, whose level of exfoliation was found to be
lower than high molecular weight, is higher than its pure matrix; whereas, the
nanocomposites of high molecular weight matrices exhibited lower melt viscosities
than pure matrices. The decrease in melt viscosity with the exfoliation was

associated to the clay platelet alignment and polymer matrix degradation [279, 280].
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Figure 4.79 Dependence of axial force on screw geometry, speed and blend

composition for nanocomposites containing 5% organoclay

The influence of addition of compatibilizer to the viscosity of the nanocomposite
was only examined for 50/50 blend system. It is observed that the incorporation of
compatibilizer to the blend resulted in a slight increase in the viscosity of the
nanocomposite at 100 rpm and a significant increase at 200 rpm regardless of the
screw geometry. Also, note that doubling the screw speed increased the axial force,

as expected.

The most important result revealed from axial force measurements is the
dependence of axial force on the screw geometry for a given blend system and
screw speed. As the axial forces measured at the same processing conditions and for

a given blend composition are considered, the screw modification in co-rotation
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resulted in a lower value in comparison with unmodified one. This result indicates
that more material is flowing backward due to backpressure in presence of slots on
the screw flights. As a result of backflow, the melt can be subjected to elongational
flow due to jetting through the channels and broader residence time distribution can
be achieved in the mixing chamber. Figure 4.80 shows the suggested flow pattern
for modified co-rotating screws. The polymer was separated from the screws after

cooling.

The axial force values measured in counter-rotation mode is higher than those
measured in modified co-rotation mode for all screw-speeds and all blend
compositions. In comparison with co-rotation, significantly higher values were also
measured in the case of counter rotation, because of the mixing and transport

characteristics of the counter rotation, which is discussed in morphology section.

Figure 4.80 Schematic view of suggested flow pattern for modified co-rotating

screws (P; and P stands for pressure at the top and bottom, respectively)
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It has been known that moduli of the composites are a function of filler volume
fraction, filler aspect ratio, filler modulus, filler orientation and interfacial adhesion.
Paul and Fornes conducted theoretical studies, which were benchmarked against
experimental data, to model the modulus of the PA6/organoclay nanocomposites by
utilizing Halpin-Tsai theory [262]. It was pointed out in their publications that
modulus of a given nanocomposite system depends on the level of dispersion of the
clay platelets as a result of processing history and surface chemistry. By using this
approach, in the current study, the modulus of the nanocomposites were taken as an

indication of level of dispersion of the platelets for a given matrix.

Figure 4.81 compares the responses of Young Modulus of 5 % clay containing
nanocomposites as the function of screw speed, screw rotation mode and blend
ratio. In the case of ABS, increasing screw speed and screw geometry from co-
rotation to counter-rotation did not significantly influence the modulus of the
resulting nanocomposite. The changes measured in ABS are between the error-
limits. When the PA6 based nanocomposites were considered, the modulus of the
nanocomposites is higher in co-rotation than that of in counter-rotation regardless of
the screw speed. In either co-rotation or counter rotation, doubling the screw speed
resulted in an increase in modulus of the PA6 based nanocomposites. The tensile
modulus of the ABS/PA6 blends based nanocomposites also shows variations with
processing conditions. For the 80/20 blend system, the modulus in co-rotation was
higher than that in counter-rotation (see Figure 4.81). Improved clay dispersion in
PAG6 phase together with much smaller diameter of the reinforced spherical PA6
phase seen in SEM micrographs are the possible reason of obtaining higher
modulus in co-rotation. The nanocomposites formed from 80/20/5 blend can be
handled as particulate filled ABS in which clay reinforced PA6 and ABS can be
considered as reinforcing fillers and polymer matrix, respectively. For such
systems, it was shown experimentally that the filler size is inversely proportional to
the strength and stiffness of the composites [28, 281-282]. Increasing screw speed
caused an improvement in modulus of nanocomposites in co-rotation, however no

effect was observed in counter-rotation with the doubling of the screw speed.
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The dependence of tensile moduli on screw rotation mode was more pronounced in

nanocomposites based on 50/50/5 and 20/80/5 blends. The moduli measured in co-

rotation deteriorated in counter rotation at both 100 and 200 rpm. When the screw

speed was doubled, a slight increase in moduli was obtained. When the moduli of

the blend based nanocomposites are considered, an improvement with PA6 content

was observed. Possible reason for this increase can be the dilution of the

intercalated clays by the increasing PA6 concentration, which can prevent the

formation of the clusters of the intercalated and/or exfoliated platelets.
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Figure 4.81 Young Modulus of nanocomposites containing 5% clay as the function

of screw speed, screw geometry and blend ratio

237



Figure 4.82 shows the Young Modulus of 50/50/5 blend based nanocomposites as
the function of screw speed, screw modification and clay loading level. As can be
seen, incorporation of organoclay improved the modulus of the blends substantially.
Similar trends in modulus were reported by the researchers in the literature for
different polymer/clay systems [249, 262, 277, 283]. This increasing stiffness of the
final structure can be a consequence of the interaction of the polyamide and organic
surfactant. This interactions lead to restriction of the mobility of the polyamide
molecules. As a result, one of the components of the blend system becomes stiffer,
which increase the overall modulus of the blend. Increasing clay concentration
resulted in an increase in modulus regardless of the screw speed and screw

modification.
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Figure 4.82 Young Modulus of 50/50/5 blend based nanocomposites as the

function of screw speed, screw rotation mode and clay loading
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Table 4.13 Stress-strain data for 5% clay reinforced blends, ABS and PA6 as the

function of screw rotation mode and screw speed

. Strain at
Material Process conditions Yield Strength break
(MPa) )
(%)

. 100 rpm 58.442.3 6.2+2.1

Co-rotat
o-rotation 200 rpm 60.1+1.9 5.6+1.3
. 100 rpm 53.6+3.2 42423
ABS Counter-rotation [, 55.7+.9 36514
) ) 100 rpm 58.7£1.6 7.243.1
Modified co-rotation |0, 62.5:2.4 7.451.0
Co-rotation 100 rpm 58.64+2.3 6.91£3 .4
200 rpm 57.8+2.8 73422
100 rpm 52.6+33 49438

80/20/20 -rotati P
Counter-rotation =50, m 53.81.5 6.232.9
. 1100 rpm 58.944.2 6.3+1.7
Modified co-rotation =0, 61,813 53245
Cororation 100 rpm 72.0+2.9 3.042.1
200 rpm 77.5+4.3 3.342.0
. 100 rpm 62.444.3 4.3+2.5
50/50/5 ]
Counter-rotation 5, 64.7£3.9 3.120.9
. . 100 rpm 75.6£1.9 4.1+1.0
Modified co-rotation =0, 763123 5.562.0
Cororation 100 rpm 78.3+2.7 7.6+4.3
200 rpm 82.3£3.0 73+3.8
. 100 rpm 72.6+2.2 6.6+£3.3
20/80/5 ]

Counter-rotation =50, m 73.3%5.4 7017
. 1 100 rpm 82.342.1 7.442.7
Modified co-rotation =0, 843212 93127
Co-rotation 100 rpm 87.2+2.1 9.1+4.2
200 rpm 92.3+2.1 8.4+3.8
Count ati 100 rpm 82.6£1.5 7.1+4.9
PA6 OUMETTOROT 1 200 rpm 83.9+2.9 7.543.3
Modified ) 100 rpm 92.7£3.4 9.1+4.7
odified co-rotation |55, 95.32.6 9.43 3

It has been already shown that modification of the screw by inserting flight slots
resulted in more backflow which is known as more effective in obtaining dispersive
mixing [268, 284, 285]. In the current study, the effects of screw modification and

screw speed on the modulus of 50/50/5 blend based nanocomposites were not
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significant at 1 % clay loading level (see Figure 4.82). Modification of the screws
resulted in an increase in modulus of 3 and 5 % clay containing nanocomposites at
given screw speeds. Increasing screw speed also improved the modulus of the
nanocomposite at 3 and 5 % clay loading level. This improvement was so

significant at 5% clay loading for modified screws.

Table 4.13 shows the stress-strain data for 5% clay reinforced blends, ABS and PA6
as the function of screw rotation mode and screw speed. As can be observed from
the table, the yield strengths of the materials increased with PA6 content in the
blend. Unlike the modulus of elasticity, yield strength of the composites are
preferentially affected by the interfacial adhesion rather than filler geometry (i.e.
aspect ratio). From this point of view, the increasing strength with increasing PA6
content can be attributed to the increasing extent of interaction between matrix and
clays, resulting delayed formation of micro-voids/crazes that brings material to
failure when they combine and form a crack. Also it should be noted that increasing

PAG6 improved the matrix’s strength.

As a general trend, yield strength of the nanocomposites processed in counter-
rotation was lower than that of processed in co-rotation (see Table 4.13). The effect
of screw modification on yield strength did not follow a trend; besides, for some
compositions it improved the yield strength. Doubling screw speed resulted in an
improvement in yield strength of nanocomposites which were processed in
modified or unmodified co-rotation. There is no significant effect of screw speed
observed on yield strength when the nanocomposites processed in counter-rotation
were taken into consideration. Strain at break values of nanocomposites increased in
modified co-rotation with respect to unmodified co- and counter rotation. However

differences between average data are not so significant.

For laboratory mixing systems, which resembles the one used here, the residence
times were much longer (i.e. >10 min) in the literature than that of in the current

study [167, 168]; however, in commercial systems, the average residence times are
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shorter. To examine the effect of residence time (1, 3, 5 and 7 minutes) on the
modulus data as the function of screw speed, screw geometry of 50/50 blend based
nanocomposites for the current mixing system were judged (see Figure 4.83). It was
observed that increasing residence time from 1 to 3 minute yielded an increase in
modulus for given screw speed and screw rotation mode. Despite the further
increase in residence time, there was not any significant influence on the modulus.
It should be also noted that the colour of nanocomposite was more brownish than
the others at 7 minutes of residence time, possibly because of the thermal

degradation of organic modifier [280] or ABS.
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Figure 4.83 Young Modulus of nanocomposites as the function of screw speed,

screw geometry and residence time for 5% clay reinforced 50/50/5 blend
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CHAPTER 5

CONCLUSIONS

5.1 Compatibilization of ABS/PA6 Blends

Blends of ABS and PA6 compatibilized with/without EnBACO-MAH and EMA-

GMA at various amounts were explored as a function of blend composition. The

conclusions drawn out are given below:

11.

iil.

1v.

Morphological studies indicated that incorporation of the maleated and

epoxydized olefin based polymers compatibilize the ABS/PA6 polymers.

When the compatibilization efficiencies were compared in terms of
blend morphologies, it was observed that EnBACO-MAH resulted in
finer dispersion of second phase than that of EMA-GMA.

Tensile behavior of the blends was complex but in general the yield
strength of blends increased with the increasing amount of PA6 in the

blend.

Incompatibilized blend showed decreasing trend in impact strength
values. Incorporation of the compatibilizers improved the toughness of

the blends significantly.

Despite the inconvenience in yielding criterion, essential work of
fracture (EWF) methodology was successfully demonstrated in

ABS/PA6/Compatibilizer ternary blends at different composition.
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5.2 SGF Reinforced ABS and ABS/PA6 Blends

The effects of SGF surface chemistry, ABS/PAG6 ratio, processing conditions and

compatibilization in ABS/PA6 blends on the morphologies and mechanical

properties of SGF/ABS/PA6 composites were examined. The conclusions drawn

out are given below:

11.

iil.

1v.

V1.

Vii.

Comparison of thermodynamic adhesion values with the experimental
ILSS values indicates the importance of inter-chain diffusion and
mechanical interlocking of polymer chains at the interfacial region

between the fiber and the matrix.

Among the silane coupling agents, aminopropyltriethoxysilane functions
the best which is manifested by high ILSS and thermodynamic adhesion
values with PA6 and ABS.

Incorporation of PA6 to the ABS improves the stiffness and strength of
SGF composites.

Incorporation of SGF to the ABS resulted in brittle fracture. The PA6
containing ABS/SGF composites tend to have higher impact strength

than the one which does not contain PA6.

SGF concentration, barrel temperature in extrusion and screw speed

have influence on the mechanical properties on SGF/ABS composites.

Incorporation of EnBACO-MAH as the compatibilizer improved the
mechanical properties of the SGF/ABS/PA6 composites.

The most important result is the improvement of notched impact
strengths. Addition of the compatibilizer drastically increased the impact

strength of the 30% SGF reinforced ABS/PA6 blends.
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5.3 ABS/PA6 Blends Based Nanocomposites

Organoclay based nanocomposites were prepared using compatibilized ABS/PA6

blends as the matrix applying melt intercalation method in a microcompounder. The

effects of blend composition, clay loading level and screw speed were examined in

terms of dispersability of the clay platelets, phase morphology and mechanical

properties. The conclusions drawn out are given below:

il.

iil.

1v.

Vi.

Clay addition and microprocessing conditions influenced the blend
morphology.

Nanocomposite composed of ABS and OMLS were intercalated only
however the nanocomposites composed of PA6 and OMLS were
exfoliated.

The level of exfoliation and dispersion in the blends highly depends on
the amount of PA6 in the matrix.

The clays were selectively exfoliated in PA6 phase and formed stacks at
the interfacial region between ABS and PA6.

Increasing screw speed and mixing in co-rotation and modified co-
rotation mode promoted the dispersibility of the clays and the stiffness of
the nanocomposites.

The melt viscosity of the nanocomposites revealed from axial force
measurements was inversely proportional to the PA6 composition in the
blend. The reduction in axial force in modified co-rotation with respect
to unmodified co-rotation was an indication of enhanced backflow at a

given nanocomposite system and processing condition.
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CHAPTER 6

RECOMMENDATIONS

ABS/PA6 blends combine good properties of the individual components by
resulting synergistic property profile. It provides an interesting combination of
important product properties such as excellent impact strength, high surface quality,
easy processing, chemical resistance and heat resistance. The key issue is the
“compatibilization”. The results of this study showed that due to low T, of acrylic
grafted olefin based maleated or epoxydized copolymers are good candidates of
compatibilizers especially high toughness is desired. In this study, two types of
olefinic copolymers containing certain amount of maleic anhydride or glycidiyl
methacrylate were utilized to examine compatibilization efficiency. In addition to
that, for simplicity only 5 and 10 % compatibilizer containing blends were
processed. It is uncertain, though; at what percent of functional group does these
compatibilizers function or what the optimum loading level of these compatibilizer
is. On the other hand, only certain grades of ABS and PA6 were utilized in the
current study. The results would differ, if different grades of matrix materials were
used. For instance, the butadiene content of ABS or the molecular weight of PA6
would have influence on the final properties of blends prepared. All of these issues

related to the materials open the door of unlimited number of studies.

The toughness of the materials are generally characterized by standard impact tests
such as notched/unnotched Izod or Charpy testing according to relevant standard
methods. These tests are practical, industry-friendly, the results obtained from these
tests are comparable to each other and they do not require any complicated
experimental systems. However, the fracture energies obtained by these tests are not

a material property and depend on various parameters such as material dimensions,
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crack geometry and rate of deformation. In the current study, the Impact Essential
Work of Fracture Toughness Methodology was applied to characterize the
toughness and deformation mechanism under impact conditions of ABS/PA6
blends. Despite the insatisfaction of the criteria of the method, the results of the
study emphasize the applicability of the method to the current blends. However,
more works need to be conducted to find acceptance from science society about the

applicability of this method for blends, composites and nanocomposites.

From the mechanical property point of view, short glass fiber reinforced ABS/PA6
blends resulted in improved stiffness to toughness. However, incorporation of the
short glass fibers annihilates the good surface texture which is the one of the
reasons of preference of ABS/PAG6 blend. Therefore, from industrial point of view,
a surface finish is definitely needed for short glass fiber reinforced ABS/PA6
blends. On the other hand, nanocomposites based on ABS/PA6 blends may be a
good substitute for SGF reinforced ABS/PAG6 blends.

The results of this study emphasized that the processing conditions has a great
influence on the properties of blends and nanocomposites. Besides, screw design
which defines the flow type during processing determines the morphology of the
final structure. However, the processing equipment used in this part of the study is a
micro-compounder and generally used as a screening device for R&D purposes.
Therefore, potentially one could expect that the properties of the system might

change when it is processed with conventional processing devices.

One of the interesting results arising from the nanocomposite part of the study was
the selective localization of the clay platelets in PA6 phase and accumulation at the
ABS/PAG6 interface. Regarding to this type of dispersion, this material serves as a
potential case to investigate the effects of surface properties on the selective
localization of fillers in the blends. Moreover, it is obvious that the type of organic
modifier of the clay, grades of ABS and PA6, and method of compatibilization will

have influence on the properties of the nanocomposites.
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APPENDIX A

REPRESENTATION OF FTIR SPECTRA

Table A.1 FTIR absorptions of ABS

Wave number
() Comment

638 phenyl ring wibration in styrene
) i2-H deformation wibration
DEZ C-H out of plane deformation vibration
1022 Aromatic =C-H in plane deformation
1062 2-C stretch wibration in aroratics
1440 Z-H sciszor vibration in —CHa-
1420 C-Hin-plane deformation vibration in (CHs)-HC-
1596 C=C stretching vibration in -CH=CH-
1680 C=C stretching vibration in CHa=CH-E
2231 -C=H stretch vibration
2848 C-H symmetrical stretching wibration
2914 C-H asyminetrical stretching wibration
2020 C-H vibration (CH-group) in E-CH=CHz
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Table A.2 FTIR absorptions of PA6

Wave number
(cm ) Comment
676 C-H wagging vibration
964 C-H out of plane deformation wibration
1064 C-M stretching vibrations in -CHz-MH-
1112 C-IT stretching vibrations in -CH-ITH-
1166 C-M stretching wibrations in -E-IH-CO-
1255 Coupled C-I and C-0O stretching vibration
1563 Z-H deformation wibration in -I-CHa-
1465 (Z-H scizzor wibration in -CHa-
1537 Amide I
1625 C=0 stretching vibration
2850 C-H symmetrical stretching wibration
2916 C-H asymmetrical stretching vibration
3068 H-H stretch wibration
3284 O-H stretching wibration in -COCH

Table A.3 FTIR absorptions of EMA-GMA

Wave number

() Comment

718 (2-C skeleton wbration (rocking) in —{CHzly-

792 CH:z rocking wibration

210 Oxiarine ring vibration

1101 (2-0 stretching wibration

1270 2-H symmetrical deformation vibration in E-CHs
1460 C-H asymmetrical deformation wibration in E-CHs
1731 (=0 stretching wibrations

2848 C-H stretching wibration in —CHz-

2916 C-H asymmetrical stretching wibration

3363 2-H stretching wibration in -COOH
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Table A.4 FTIR absorptions of EnBACO-MAH

Wave number

(e Comment

715 C-C skeleton wibration (rocking) in —(CHzy-

240 C-H deformation vibration

1056 C-O-C symmetric stretching wikbration in By -O-{C=0)-E
1157 C-0-C symmetric stretching wibration - (C=0)- O-E
1232 iCHz deformation wibration in -CHg-{C=00-

1242 C-H symmetrical deformation wibration

13745 C-H symmetrical deformation vibration in E-CHs
1407 Z-H deformation vibration in —(C=0C"-CH-

1461 CH; symmetrical deformation vibration in esters
1639 C=C stretching vibration in acrylates

1706 C=C stretching ribrations in -(C=00-{C=0)-C-
1778 2=0 sym. stretching ribration in anhydrides

2852 iZ-H stretching wibration in —CHa-

2921 C-H asymmetrical stretching wibration

2987 CHs asym. stretching wibration in CHs-O-

3298 0-H stretching wibration in -COO0H
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APPENDIX B

DSC THERMOGRAMS OF ABS/PA6 BLENDS

Sample: ABS
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Figure B.1 DSC thermogram of ABS (second heating)
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sample: PAG
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Figure B.2 DSC thermogram of PA6 (cooling and second heating)
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Figure B.3 DSC thermogram of 50/50/0 (cooling and second heating)

279



Sample: 3
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Sample: 4
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17 T
|
16 B
|
z | Peak= 162.211°C -
E i -
g s — /,—}'—
: K]
s T T | R
L 14 | N i \ ".f'll
E | ! '|! f
Y
13 : ; — ' - : b
|
12 } | ! i - = '
u 20 40 &0 80 100 120 140 180 180 200 220 240
Temperature {(Cel.y
18 -
|
i
17 " Pomi=2 14 I

!

| {
A

Hest Flow Ende Up (Al
|
|
|
|
/

PR - S AN/ i
- Peaks 220.27°C |
Delta|H=13.20 J/g
13 ' t |
|
[ [ ! . |
2l | . ; ! [ | | |
1 T | | |
A I N I I A R i
11 . ! } ! 1

e} 20 40 G0 a0 100 120 140 160 180 200 220 240

Teroerature {(Cal.)

Figure B.7 DSC thermogram of (50/50)/10 EnBACO-MAH (cooling and second
heating)

283



Sample: 7

17

et FlowErch L (A
|
|
|
|
=
1
1
]
|
I|
|
1
|
]
i
|
\
\
1
|

13 ..___..‘. !
| ! | |
| | | i / Feak= 181.78 °C
i - ! | o | |
12 ’ | |
o 20 40 a0 80 100 120 140 160 T80 200 220 Zau
Termperature (Cel)
ZD |
19 i o !
18 +—— I !

=
-4

Hest Flow Ench Uis | v
=

15 4— I - ! = ! 4
= — f b
[ . ~L__ | A [
14 ! - i — -._‘I.-i-—ﬂ"""{_
f - PeakE 221,34D 0
13 = ! Deftal H=10.02 Jig|
T ! i |
12 ! '
11 |
] 20 an 80 100 120 140 180 180 200 220 240

Figure B.8 DSC thermogram of (80/20)/5 EnBACO-MAH (cooling and second

heating)

Termoerature (Cel )

284



Sample: 8

14 =7

13 — ! !

99 N N

[s] 20 40 50 BO 100 120 140 160 180 200 220 240

Termoerature (Cel )

20

19 ! | 1'
|
|

SN N

e

Heatt Flow Endo Up (v
@
|
|

14 | 1] i Peak= P72 400°C |
Delta H= 35 .48 lig

12 . " " ] i
o 20 40 EO B0 100 120 140 160 180 200 220 240

Temperature {Cel.}

Figure B.9 DSC thermogram of (80/20)/5 EMA-GMA (cooling and second
heating)

285



Sample: 9

16

o 15 ! B I !
g | | { | [ Peak= 183,20 °C i
o | [ P I | |
~ | 7T | ™ [ '
g — | |/
C 14 x L ! | |II ..r ;
E | ..".
i K
| | .,."'I |
' /
I
'\_/r
12
a 20 40 &0 80 100 120 140 180 180 200 220 240
Temperature (Cel.)
20 -
1 I
| | |
19 f s
18 | | '
{ |
| |
|

Hest Flow Endo Us (i)
@
3

G S N — .. — I 4 I L Il it
| | 1 | S S
| e D D e aMF
14 L L - —
| - ] | Peaks 222 385 "C
i34 I | | | DeltaH=2.95g
L | ; f
12 4— -
11 i . ! ! . |
] 20 40 60 80 100 120 140 180 180 200 220 240

Temperature {Cel, )

Figure B.10 DSC thermogram of (20/80)/5 EMA-GMA (cooling and second
heating)

286



Sample: 10

16

i + — L

: 1
5 13 , |
i |
g " L] ' ' 7 T T 1
I oV
% 11 | . z 2 s ! ! i
10— — -
| | |
P I R | | | | | L
6 — I [
o 20 40 &0 &0 100 420 440 180 180 200 220 240
Temperature (Cel)
20 - T T
| | |
g ?
. . I |
18 ! | = {*
| | '
! ! AN .
3 | | £
: | M
16 ' L1
£ A
§ 15 ! | | — b B
§ 14 —— ' i —Peak=222201°C/
SR BRSE o . ; i Dédta H= 38 43 Jig
| | | | |
13 ] e —
12 | i | ' - 1 5
| | | | |
" : I

0 20 40 [+10] il 100 120 140 160 180 200 220 240

Termperature {Col.)

Figure B.11 DSC thermogram of (20/80)/5 EMA-GMA (cooling and second
heating)

287



APPENDIX C

DISTRIBUTION CURVES USED TO CALCULATE “l,y,” and “n”
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Figure C.1 (a) Particle length distribution (b) number of platelets per particles
obtained from 80/20/5 blend system based nanocomposites at a clay loading level of

5% and processed at 100 rpm with co-rotating screws.
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Figure C.2 (a) Particle length distribution (b) number of platelets per particles
obtained from 50/50/5 blend system based nanocomposites at a clay loading level of

5% and processed at 100 rpm with co-rotating screws.
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Figure C.3 (a) Particle length distribution (b) number of platelets per particles
obtained from 20/80/5 blend system based nanocomposites at a clay loading level of

5% and processed at 100 rpm with co-rotating screws.
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Figure C.4 (a) Particle length distribution (b) number of platelets per particles
obtained from 80/20/5 blend system based nanocomposites at a clay loading level of

5% and processed at 200 rpm with co-rotating screws.
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Figure C.5 (a) Particle length distribution (b) number of platelets per particles
obtained from 50/50/5 blend system based nanocomposites at a clay loading level of

5% and processed at 200 rpm with co-rotating screws.
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Figure C.6 (a) Particle length distribution (b) number of platelets per particles
obtained from 20/80/5 blend system based nanocomposites at a clay loading level of

5% and processed at 200 rpm with co-rotating screws.
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Figure C.7 (a) Particle length distribution (b) number of platelets per particles
obtained from 50/50/5 blend system based nanocomposites at a clay loading level of

5% and processed at 100 rpm with modified co-rotating screws.
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Figure C.8 (a) Particle length distribution (b) number of platelets per particles
obtained from 50/50/5 blend system based nanocomposites at a clay loading level of

5% and processed at 200 rpm with modified co-rotating screws.
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Figure C.9 (a) Particle length distribution (b) number of platelets per particles
obtained from 50/50/5 blend system based nanocomposites at a clay loading level of

5% and processed at 100 rpm with counter-rotating screws.
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APPENDIX D

MECHANICAL PROPERTIES

Table D.1 Variation of yield strength with respect to PA6 concentration and compatibilizer content

Compatibilizer
type and content {(wt %)

Yield Strength (MFa)

FPAG Content (wt%s)

0 20 S0 80 100
Incompatibilized 42 121 44 2+£1.9 28.2+1.2 59217 68 42 32
2% EnBACCO-AMAH 28.2+1.1 45 8421 47 4x21 L3442 2 -
0% EnBACCO-ALAH 25.1x1.2 36,9407 2753408 43 52 9 -
5% BEALA-TFALA 352417 44 02,0 43 61,2 49 9407 -
F0% BALA-GALA 336408 36,9404 3552403 48 121 -




86¢C

Table D.2 Variation of strain at break with respect to PA6 concentration and compatibilizer content

Compatibilizer
type and content (wt %)

Strain at Breal: (%%)

PA6 Content (wt%s)

0 20 50 80 100
Incampatibilized 8.7+0.9 T.6£1.2 6.8+1.3 30.3£2.1 1653432
5% EmBACO-MAH 12 5421 127+2.2 152422 137123 -
10% EnBACO-MAH 10.0£1.8 10605 16.241.1 153.0£2 2 -
2% EMA-GMA 135423 14.5+3 2 6.7+3.1 57.1£2.5 -
10% BEMA-GMA 12 5421 137423 6.7+ 8 383432 -
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Table D.3 Variation of impact strength with respect to PA6 concentration and compatibilizer content

Compatihilizer
type and content (wt %)

Notched Charpy Impact Strength (kJ/m?)

PAG Content (wit%o)

0 20 50 80 100
Incompatibilized 24 7+5.1 12.540.8 74+1.1 6.3+1.7 4 5+0.8
2% EnBACO-MAH 33.1+1.9 46,2421 58.4+1.6 55.9+1.6 -
10% EnBACO-MAH 352423 43 7406 45 1£2.0 42 3+1.1 -
2% EMA-GMA 24 716 27.84+0.6 3714 28,342 2 -
10% EMA-GMA 28.2+1.7 359422 41.5+1.5 36,8413 -




Table D.4 Tensile modulus of ABS/PA6/SGF composites as the function of PA6 and
compatibilizer (EnBACO-MAH) content

Tensile Modulus (MPa)
FnBAC ?_B%H confent PA6 Content (wt%)
(Wt o)
0 20 S0 80
{ 65454137 T132+180 7403+102 8245498
5 73454135 4544210 B453478 89624243
10 6305139 2334154 TI0463 849097

Table D.5 Yield strength of ABS/PA6/SGF composites as the function of PA6 and
compatibilizer (EnBACO-MAH) content

Tensile Modulus (IV[Pa)
EuBAC ?_L%H content PAG Content (wt%)
(Wt Vo)
0 10 50 80
a0 62.2+2.1 725417 801423 937434
3 735408 784407 976423 1354432
10 T20£18 76,5405 B4 6422 1103445
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Table D.6 Strain at break (%) of ABS/PA6/SGF composites as the function of PA6 and
compatibilizer (EnBACO-MAH) content

Strain at break (%)
RaELs ?_I‘%}H content PA6 Content (wt%a)
(wt %)
0 20 50 80
0 4.540.7 46204 55423 6.1+1.8
5] 34417 3.6+1.2 4.4+2 4 48421
10 2.5+13 26£17 3321 39408

Table D.7 Impact strength of ABS/PA6/SGF composites as the function of PA6 and
compatibilizer (EnBACO-MAH) content

Impact Strength (kJ/m?)
FDBAC?_B%H content PAG6 Content (wt%)
(wt %)
0 20 50 80
a 32+1.2 10,1413 8.340.9 7321
5 6,547 18.3£1.2 22.5+1.3 14.841.9
I 54407 144431 183422 175441
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Table D.8 Effect of blend composition and screw speed on Young’s Moduli of blends and 5% Clay reinforced blends based

nanocomposite

Compatibilizer
tvpe and content (wt %a)

Young's Maodulus (MVFa)

Blend composition
(ABS/PAG/Comp atibilizer)

100/0/0 80/20/5 S0/50/5 S0/50/0 20/80/5 0/100/0
Blend-100 rpam 19965+59 24124103 2650£132 257095 2751454 2120125
Blend-200 rpm - 2435+145 2700173 26681104 2860£113 -
MNanocomposite- 7 (00 2855158 3021156 2410£125 3120£162 3870£95 4640£172
Namocompaosite-200 2899+155 3203169 2950+172 3370£105 5020+148 56721138




Table D.9 Effect of clay loading level on Young’s Moduli of nanocomposites based on

50/50/5 blend system processed at 100 rpm and 200 rpm

Screw Speed

Young's Modulus (IV[Pa)

Clay Content (wt%s)

(rpm)

0 1 3 5
100 2366156 2813+110 30904103 2650£125
200 23304£138 3111128 3560£118 4140£143
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Table D.10 Young Modulus of nanocomposites containing 5% clay as the function of screw speed, screw geometry and blend

ratio

Processing parameters

Young's Modulus (IV[Fa)

EBlend composition

(ABS/PAG/Comp atibilizer)

100/0/0 80/20/5 50/50/5 20/80/5 0/100/0
Co-rotation (@100 rpm 2855£163 3101£132 2965113 4350£121 48521459
Counter-rotation @ 00 rpm 2710£123 2811+144 2821£120 3856122 4320£113
Co-rofation @200 rpm 2835£185 3421£159 4235170 4750£143 4330£118
Counter-rotation @200 rpm 2790+101 2821455 3010£105 4322485 4720475
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Table D.11 Young Modulus of 50/50/5 blend based nanocomposites as the function of screw speed, screw

rotation mode and clay loading

Processing parameters

Young 's Modulus (IVIFa)

Clay loading (wt%s)

0 1 3 5
Co-rofation (@400 rpm 2366£181 2813104 3050£101 3650£145
Modified Co-rotation @100 rpm 2435+164 32124176 4010+£121 4210154
Co-rotation @200 rpm 24324120 3111£124 3560£352 4140£374
Modified Co-rotation @200 rpm 2321£184 32354134 4120£155 51254214
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