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ABSTRACT

PREPARATION AND CHARACTERIZATION OF SOME SIDE CHAIN
LIQUID CRYSTALLINE POLYMER GRAFT COPOLYMERS OF HIGH
DENSITY POLYETHYLENE AND ISOTACTIC POLYPROPYLENE
PHD THESIS
BEHIYE OZTURK SEN
BOLU ABANT IZZET BAYSAL UNIVERSITY GRADUATE SCHOOL OF
NATURAL AND APPLIED SCIENCES
DEPARTMENT OF CHEMISTRY
(SUPERVISOR: Assoc. Prof. Dr. SEDAT CETIN )

BOLU, JUNE 2018

The monomers, p-benzophenoneoxycarbonylphenyl acrylate (BPOCPA)
and p-benzophenoneoxycarbonylphenyl methacrylate (BPOCPMA) were
synthesized by the reaction of p-acryloyloxybenzoyl chloride (ABC) and p-
methacryloyloxybenzoyl chloride (MBC) with p-hydroxybenzophenone,
respectively, in xylene in the presence of pyridine. ABC and MBC were prepared
by refluxing p-acryloxyloxybenzoic acid and p-methacryloyloxybenzoic acid,
formerly prepared by reaction of corresponding acid chlorides with p-
hydroxybenzoic acid in alkaline medium, in thionyl chloride. The graft
copolymerization of BPOCPMA onto high density polyethylene (HDPE) and of
BPOCPA and BPOCPMA onto isotactic polypropylene (IPP) were carried out via
bulk polymerization method by using dicumyl peroxide initiator in vacuum. The
variation of grafting with the mixing ratio of the monomer (BPOCPA or
BPOCPMA) and the matrix polymer (HDPE or IPP) in the reaction mixtures was
investigated with six different monomer/matrix polymer ratios. While the content
of graft units in the products consistently increased with the percentage of the
monomers in the reaction mixtures, the percent graftings reached the maximum
values at relatively lower monomer concentrations, which were followed by
dramatic decreases.

The grafted products were characterized by FTIR, DSC, WAX, PALS,
SEM and mechanical testing. Noteworthy and significant increases were recorded
in the crystalline melting temperatures and percent crystallinities of matrix
polymers.

The graft copolymerization of BPOCPMA gave rise to significant
enlargements in the lateral dimensions of unit cells (a and b parameters) of the
orthorhombic structure of HDPE, in consistence with the graft content. A constant
expansion in ¢ parameter, the unit cell axis parallel with the chain axis of HDPE
molecular segments, however, was recorded in all products. The grafting also
resulted in increases in the particle size of HDPE crystals.

The lateral dimensions of the monoclinic unit cell of IPP matrix were also
found to be considerably affected by poly(BPOCPA) and poly(BPOCPMA)
content in the products. Both a and b parameters increased significantly at low
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percentages of the graft units. The effect was more prominent in the dimension a.
At relatively high contents, the grafting led to decreases in dimensions. The
parameter ¢ decreased in all products in consistence with the content.

The graft copolymerization onto HDPE, while leading to relatively smaller
increase in the free volume size at low percentage of poly(BPOCPMA), resulted
in reduced volume with the increase of the content in the products. Moreover, the
grafting resulted in dramatic decreases in the free volume fractions with the
percentage, especially in the copolymers.

The graft copolymerization onto HDPE resulted in improvements in the
mechanical properties of the products, especially in tensile strength and modulus.
The improvements were observed to be accompanied by reductions in free
volume size and fraction. On the other hand, while the graft copolymerization of
BPOCPA onto IPP lead to some improvements in the mechanical properties of the
products at low percentages of poly(BPOCPA). The graft copolymerization of
BPOCPMA gave rise to diminishes in all tensile and impact behaviors in
consistence with the content of poly(BPOCPMA). Both grafting imparted
brittleness, increasing consistently with the contents to the material.

SEM analysis of tensile and impact fractured surface of poly(BPOCPMA)-
g-HDPE, poly(BPOCPA)-g-IPP and poly(BPOCPMA)-g-IPP products revealed
that the structures of the products were completely homogeneous. No phase
separation was recorded at all. The products exhibited brittle nature with some
ductility.

KEYWORDS: High Density Polyethylene, Isotactic Polypropyelene, Graft
Copolymerization, Unit Cell, Free Volume Size, Free Volume Fraction

Vi



OZET

YUKSEK YOGUNLUKLU POLIETILENIN VE iZOTAKTIiK
POLIPROPILENIN BAZI YAN ZiNCIiR SIVI KRISTAL POLIMER ASI
KOPOLIMERLERININ HAZIRLANMASI VE KARAKTERIZASYONU

DOKTORA TEZi
BEHIYE OZTURK SEN
BOLU ABANT iZZET BAYSAL UNIVERSITESI
FEN BiLIMLERIi ENSTIiTUSU
KiMYA ANABILIM DALI
(TEZ DANISMANI: Do¢.Dr.SEDAT CETIN)

BOLU, HAZIRAN - 2018

p-Benzofenonoksikarbonilfenil akrilat (BPOCPA) ve p-
benzofenonoksikarbonilfenil metakrilat (BPOCPMA) monomerleri piridin
iceren ksilen ¢ozeltisinde akriloiloksibenzoil klorir (ABC) ve p-
metakriloiloksibenzoil kloriiriin  (MBC) p-hidroksibenzofenon (HBP) ile
tepkimesiyle elde edilmistir. ABC ve MBC ise, asit kloriirlerinin p-
hidroksibenzoik asit ile tepkimesiyle hazirlanan p-akriloiloksibenzoik asit ve p-
metakriloiloksibenzoik asidin tiyonil kloriir igerisinde geri sogutucu altinda
kaynatilmasiyla elde edilmisti. BPOCPMA’nin yiiksek yogunluk polietilen
(YYPE) tizerine ve BPOCPA ve BPOCPMA’nin izotaktik polipropilen (IPP)
iizerine as1 kopolimerlesmesi dikiimil peroksit baslaticis1 kullanilarak vakum
altinda kiitle polimerlesmesiyle gerceklestirilmistir. Asilama miktarinin tepkime
ortamindaki monomer (BPOCPA ya da BPOCPMA) derisimi ile degisimi 6
farkli monomer/matris polimer (YYPE ya da IPP) oraninda calisilmistir.
Asilama miktar1 tepkime ortamindaki monomer derisimi ile artarken, yilizde
asillama ise nisbeten diisiik monomer derisimlerinde maksimuma ulastiktan
sonra hizli bir sekilde azalmistir.

Ast driinler FTIR, DSC, WAX, PALS, SEM ve mekanik test
yontemleriyle karakterize edilmistir. Matris polimerlerin  kristal erime
sicakliklarinda ve kristal yiizdelerinde kaydadeger ve anlamhi artiglar
gbzlenmistir.

BPOCPMA’nin as1 kopolimerlesmesi YYPE’nin ortorombik Kristal
yapisindaki birim hiicrelerin yanal boyutlarinda (a ve b parametreleri) asi
miktar1 ile orantili 6nemli genlesmelere neden olmustur. YYPE zincirleri ile
paralel boyutta (¢ parametresinde) tiim tirtinlerde sabit genlesme kaydedilmistir.
Asilama ayn1 zamanda YYPE kristallerinde bliylimeye neden olmustur.

IPP’nin  monoklinik  birim hiicre boyutlarmm da {riinlerde
poli(BPOCPA) ve poli(BPOCPMA) derisiminden etkilendigi gézlenmistir. a ve
b parametrelerinin her ikisi de diisiik as1 yiizdelerinde artmusg, nisbeten yiiksek
derisimlerde ise azalmistir. ¢ parametresi ise tiim iirlinlerde as1 icerigi ile
orantili olarak azalmistir.

BPOCPMA’nin YYPE lizerine as1 kopolimerlesmesi, diisik as1
derisimlerinde serbest hacimde nisbeten kiiciik artislara neden olurken yiiksek
derisimlerde ise daralmalara neden olmustur. Serbest hacim fraksiyonu ise as1
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yiizdesi ile orantili olarak tiim tiriinlerde, 6zellikle kopolimerlerde azalmistir.

BPOCPMA’nin YYPE {izerine as1 kopolimerlesmesi, lirtinlerin mekanik
davraniglarinda, ozellikle gerilim direnci ve modiil degerlerinde, Onemli
iyilesmelere neden olmustur. Uriinlerin mekanik 6zelliklerindeki bu
gelismelerin serbest hacmindeki daralmalarla birlikte gerceklestigi gdzlenmistir.
Diger yandan, BPOCPA’nin IPP iizerine as1 kopolimerlesmesi diisiik as1
derisimlerinde mekanik oOzelliklerde bazi iyilesmelere neden olurken,
poli(BPOCPMA)-as1-IPP iirlinlerinin gerilim direnci ve darbe dayanimi ise asi
miktari ile orantili olarak gerilemistir. Her iki asilama da malzemede ag1 miktari
ile artan kirilgan davranisa neden olmustur.

Poli(BPOCPMA)-asi-YYPE, poli(BPOCPA)-as1-1PP ve
poli(BPOCPMA)-asi-1PP firiinlerinin gerilim ve ¢arpma etkisiyle kirilmis olan
yiizeyleri SEM ile analiz edilmis ve iiriinlerin tamamen homojen yapida oldugu
gbzlenmistir. Uriinlerde herhangi bir faz ayrimi kaydedilmemistir. Uriinlerde
diisiik as1 derisimlerinde siinek davranis ile birlikte, as1 icerigi ile artan kirillgan
yap1 gézlenmistir.

ANAHTAR KELIMELER: Yiksek Yogunluklu Polietilen, I[zotaktik
Polipropilen, As1 Kopolimerlesmesi, Birim Hiicre, Serbest Hacim, Serbest
Hacim Fraksiyonu.
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1.INTRODUCTION

Polyolefins are widely used commercial thermoplastics in polymer industry
due to extensive abundance of the monomers, relatively superior processability and a
numerous applications in several industries owing to their physical and mechanical
properties (Abedi et al., 2014). Despite the viable success of polyolefins, on the other
hand, modification of polyolefins has been area of interest as a route to superior
property products. Various methods of functionalization have been employed to alter
their chemical and physical properties (Bunescu et al., 2017).

Polypropylene and polyethylene are commonly used polyolefins and some of
the properties of these polyolefins can be improved with modifications and thus their
applications are increased. Graft polymerization such as grafting of unsaturated
monomers onto polyolefin and grafting of specific monomers (chemically induced,
photochemically induced, high energy radiation-induced etc.), blending,
incorporation of fillers and fibers are some of the polymer modification techniques.
Among these techniques, graft copolymerization has a strong interest. Because not
only most of the original properties of polymer are conserved but also some desirable
properties are introduced to the material without changing inherent architecture of
the polymer. Thus available market expands for applications. Grafting improves
compatibility, stability and adhesion of the polymer matrix and hence leads to some
modified properties of polymer. For example, the compatibility with other polar
polymers can be improved by introducing polar groups and effective interfacial

agents to polyolefins (Chung, 2002).

1.1  Polyethylene

Polyethylene (PE) is one of the major commercial thermoplastic polymers.
There are different types of commercial polyethylene depending on its density and
branching. Various types of polyethylene exhibit a wide range of physical properties,
and so it is employed in a diverse range of applications such as in biomedical

applications due to low cost, regular chain structure, unusual electrical properties,
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excellent chemical inertness, and ease of processing (AlMaadeed et al., 2013). It can
be adapted to many end uses by controlling molecular weight, molecular weight
distribution, branching characteristics, and by manipulating processing variables
(Peacock, 2000).

High density polyethylene (HDPE) is one of the semi-crystalline
polyethylene and owing to good processability, non-toxicity, ease of recycling,
biocompatibility and good chemical resistance, commonly used. However, the
limited mechanical properties such as environmental stress cracking resistance and
low toughness restrict its use in various commercial applications for certain purposes
(Faiz et al., 2016). So, it’s important topic, how to improve the mechanical properties
of HDPE (Hu et al., 2012).

By forming composites, its properties such as stiffness and rigidity may be
improved (Liu et al., 2015). In recent years, to enhance these properties, various
natural (kenaf, sisal jute, henequen etc.) and synthetic fibers (carbon, aramid, Kevlar,
glass) are used as modifiers to increase its application for commercial composites
(Faiz et al., 2016).

1.2  Polypropylene

Polypropylene (PP), thermoplastic polymer is used in different applications
such as plastic parts, packaging, textiles, automotive components and laboratory
equipments etc. owing to the ease of availability and low cost (Yilmaz, 2011). There
are different types of polypropylene based on tacticity and one of them is a semi-
crystalline isotactic propylene (IPP) and mostly used polypropylene because of its
ordered structure and higher melting point and crystallinity compared to syndiotactic
and atactic polypropylene. However, poor hydrophilicity, lack of reactive sites and
sensitivity to photo-oxidation restrict its application in some areas. In order to
improve these properties, chemical modification techniques such as
copolymerization of propylene with polar monomers, grafting, blending,
reinforcement of PP with fibers are necessary without affecting the nature of

polypropylene (Srinivasa et al., 1996).



For the modification of polypropylene in the solid state, it is required to
abstract hydrogen atom from the main chain which possesses tert-C atoms and hence
e-beam radiation at low temperatures or the decomposition of peroxides techniques
are used to abstract the hydrogen atoms (Ratzsch et al., 2002). Radical transfer or
oxyradicals, which are made up of the thermal decomposition of organic peroxides
initiate the abstraction of hydrogen and then, these radicals can abstract hydrogen
from PP (Ratzsch et al., 2002) and this polypropylene can be modified with different
polymers and use in different applications.

Modification of IPP through grafting expands its application. But, suitable
polymerization temperature must be chosen for grafting owing to radical-reactions
between 80 and 150°C. From 140°C to 180°C, branching and cross-linking are
predominant and the degradation reaction is dominate above 180°C (Ratzsch et al.,
2002). The effect of temperature on the modification reactions of IPP radicals is
figured out in Figure 1.1.
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Figure 1.1. The effect of temperature on the modification reactions of iPP-
radicals

Functionalization of PP with various reagents, such as sulfuric acid,
phosphoric acid, iminodiacetic acid, sodium sulfite, amines and hydroxylamine,
grafting of glycidyl methacrylate, acrylic acid and acrylamide onto PP are example to
the modification of PP. In recent years, grafting of maleic anhydride (MAH) on

polyolefin has great attention (Ecevit, 2012).



1.3 Liquid Crystalline Polymers (LCPs)

Liquid crystalline polymers (LCPs) are composed of rigid and rod-like
molecules which form well-ordered structures. The organized structure results in
anisotropic behavior in the material. The smaller groups responsible for forming
anisotropic property and thus for forming liquid crystal phase are called mesogens.
Two types of LCPs, depending on the type of the incorporation of the mesogenic
groups into polymer chain, have come into use. LC (liquid crystalline) main chain
polymers involve the mesogenic groups composed of segments from the backbone of
the polymer, while LC side chain polymers are formed by the incorporation of the
mesogenic units as side groups to the backbone. LC main chain polymers and LC
side chain polymers exhibit rather different properties due to their basic structural
differences. LC main chain polymers find uses as high strength fibers and self-
reinforcing plastics, whereas LC side chain polymers are often used in optical
applications (Mayer et al., 2002).

LC polymers that form liquid crystalline structure in solution are termed
lyotropic LCPs. Those that form liquid crystalline organization upon heating are
called thermotropic LCPs (TLCP) (Calundann, 1980-1981). The application of
thermotropic LCP is more common with respect to lyotropic LCP. While lyotropic
LCP is fabricated only in films or fibers, thermotropic LCP is fabricated in

conventional processes, such as injection molding (Yoon et al., 1992).

The organized structure of LCPs leads to significantly increased crystalline
melting temperature comparing to the chain-folded semi-crystalline polymers. In
addition, high state of organization and orientation in these polymers may give rise to
extremely high modulus and high strength (Collyer, 1989). Therefore, LCPs are
known as high performance engineering materials due to better mechanical and
thermal properties (Donald et al., 1992; Sun et al., 1989).

The main factor that affects the properties of a LCP is its orientability in the
fluid state and distribution in the solid state (Kenig, 1987). In order to utilize and
control the LCP’s properties, it is so important to comprehend the processing
conditions-orientation relationship. The effect of processing conditions on the

properties of polymer liquid crystals was reviewed by Lewis and Fellers (Lewis et
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al., 1988). Elongational flow was pointed out to be very effective in advance of

orientation in different polymers studied.

High melting temperature of LCPs, however, leads to poor melt
processability. A number of works have been carried out to modify the structures and
properties of LCPs thus to attain more practical conditions for ease of processability
(Elsmer et al., 1985). Incorporation of nonlinear links (Chang et al., 2002), frustrated
chain packing (Tokita et al., 1998) and insertion of flexible spacers, which separate
the mesogenic units along the backbone of polymer (Zheng et al., 1999) are some of
the approaches to reduce the transition temperatures of LCPs, and hence to improve
the processability of LCPs. At the same time, the chemical periodicity of LCP
repeating units is preserved (Chen et al., 2005) in the processes.
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Figure 1.2. Types of liquid crystalline polymers containing rigid mesogenic

units



1.4  Combining Thermoplastic with LCP’s

Polymeric materials generally possess lower moduli and strength in
comparison with metals or ceramics (Grala et al., 2015). There have been common
efforts to improve the poor physical properties of polymers for commodity purposes.
Therefore, polymer reinforcement has been a growing and important topic for
researchers. Some of the poor properties of the polymeric materials such as low
strength, stiffness and thermal properties can be improved by blending of two
polymers or by forming composites to which reinforcement agents are added (Liu et
al., 2015).

A new approach, widely used is polymer blending, which combines two
polymers for the production of better performance materials. Performance of
polymer blends are based on the properties of individual polymer and miscibility of
polymers. Among the different types of polymer blends, thermoplastic (TP) and
thermotropic liquid-crystalline polymer blends are attractive and these types of

blends have been prepared since 1980s. Because;

e The TLCPs may act as a viscosity reduction agent of polymer matrix
at nematic phase for engineering thermoplastic polymer and thus lead

to improvement in processability

e At optimum processing conditions, the TLCP deforms into elongated

fibrils and reinforce the thermoplastic matrix (Souza et al., 1996).

Reinforcement effect of LCPs on the properties of thermoplastics depends on

several factors. These are:

The mechanical properties of virgin LCP,
The concentration and dispersion of LCP,
The effect of the flow field on orientation,

Processing temperature,

AN N NN

Miscibility of the components (O’Donnell et al., 1995).

The mechanical properties of these blends are higher compared to

thermoplastic polymer owing to LCPs stiff molecular backbone and orientation of
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LCPs. For example, the modulus of injection-moulded LCP is between 4 and 20 GPa
and strengths are between 139 and 213 MPa, whereas the modulus of thermoplastic
resins are between 1 and 4 GPa and the strengths are between 20 to 60 MPa. As a
result, at appropriate processing conditions, LCPs reinforce thermoplastics by
forming LCPs fibrils and hence fibre-reinforced composites can be obtained due to
fibrillar morphology (O’Donnell and Baird, 1995).

LCP-reinforced thermoplastic polymers are defined in-situ composites and
often used due to their lower viscosity and easier processability compared to neat
LCPs (Lee et al., 2003). The morphology of in situ composites prepared by different
methods such as injection molding, film extrusion and compression molding is
important to obtain fibrillar morphology and this leads to better mechanical
properties. In some cases, however, phase separation is observed due to incompatible
nature of these polymers and this leads to lower mechanical properties. In attempt to
reduce phase separation between thermoplastic/LCP blends, compatibilizers, which
can be a copolymer composed of two blocks that resemble to polymers in blend and
have specific interaction with polymers or a functionalization with one of the
polymer, are used (O’Donnell and Baird, 1995) and also these compatibilizers reduce
the viscosity of polymer and interfacial energy and improve the processability and
interfacial adhesion of polymers in blend (Hatui et al., 2012). Therefore, the impact
strength and the toughness of the thermoplastic matrix can be enhanced by
compatibilization. One of the compatibilizer was functionalized polypropylene and
used for TLCP/PP blends (Bose et al., 2010). On the other hand, without
compatibilizer, poor adhesion, large phase sizes and lower mechanical properties

would be observed.

However, in some cases, it is not necessary to use compatibilizer based on the
morphology of blends, and lower modulus of some LCPs can be improved by
polyamide-6 (PA6) without compatibilizers. Jang and Kim reported that injection-
molded PA/LCP blends had better mechanical properties compared to LCP owing to
the well-oriented fibrillar structure and enhancement in interfacial adhesion between
PA matrix and LCP (Jang et al., 1994). It was revealed that, when more flexible LCP

molecules are synthesized, compatibilization between PA matrix and LCP may



increase and lead to higher modulus and strength in blend without compatibilizers
(Shin et al., 1990).

Another factor causing the changes in the properties of polymer blend is flow
field type and leads to the orientation of LCPs. The deformation of the LCP phase in
polymer blends exists in uniaxial extension flow by leading to fibrillar morphology
and hence gives rise to reinforcement in the polymer matrix and higher mechanical
properties. Moreover, for enhanced mechanical properties, it is necessary to obtain
solidified fibrils before occurring interfacial instabilities such as break-up of the
fibres into droplets and relaxation (O’Donnell and Baird, 1995).

The other factor affecting the properties of polymer blend is the processing
temperature. Normally, the processing temperatures of LCPs are above 300°C,
whereas the processing temperatures of thermoplastics are below this temperature
and so it is necessary to choose adequate processing temperature for improved blend
properties. For processing of blends, however, higher temperatures compared to the
melting point of the LCPs are required and hence in this case, lead to lower
mechanical properties (O’Donnell and Baird, 1995). Although the differences in
temperatures, at appreciated temperature, fibrous morphology can be observed at

TP/LCP blends and results in enhanced mechanical properties.

15 Reinforcement of PE and PP with LCP’s

In recent year, PP and PE have been reinforced with various LCPs by using
different techniques such as injection molding and extrusion. PE/LCP and PP/LCP
blends have been studied and the thermal, mechanical and other properties of these

blends have been investigated.

Zhou and Yan researched the tribological and mechanical behavior of ultra
high molecular weight polyethylene (UHMWPE)-liquid crystalline polymer
composite, which has 60% hydroxynaphthalic acid, 20% aminophenol and 20%
terephthalic acid as LCP and also investigated the effect of PE-g-MAH (maleic
anhydride grafted high density polyethylene) as a compatibilizer on the composite
properties and compression molding was applied to prepare different contents of

LCP and PE-g-MAH composites. Within the experimental results, the increment in
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PE-g-MAH content and existence of LCP gave rise to decrease in the melting
temperature and the crystallinity of UHMWRPE because of the interaction in the
amorphous region, and hence lower Ty in the composites. On the other hand, the
higher LCP content and existence of PE-g-MAH in blends led to improvement in the
tensile strength and modulus of composites owing to reinforcing effect of LCP, but
the higher PE-g-MAH content led to decrease in the tensile properties because of
structural inhomogeneity of blend and weakened interfacial bonding (Zhou et al.,
2004).

Menon et al. prepared the polyesteramide (PEA), thermotropic liquid
crystalline polymer and low density polyethylene (LDPE) blend and investigated the
mechanical, thermal and processability characteristic of blend. It was observed that
the higher PEA content resulted in higher tensile strength and modulus of the blends
due to increase in tensile stiffness. The improvement in highly oriented and thin LCP
fibrils is considered essential for better mechanical properties. In addition, in the
presence of PEA, enhancement in the thermal stability of LDPE was observed due to
aromatic content of PEA. It can be concluded that thermotropic liquid crystalline
polymer led to enhancement in the physicomechanical properties and some of the

processability characteristics of blends (Menon et al., 2000).

Tang et al. studied the viscosity reduction effect of TLCP (a copolyester
composed of mol fraction of 35% sebacic acid, 30% p-hydroxybenzoic acid and 35%
hydroquinone) on the viscosity properties of polyethylene. When 2.0 wt% TLCP was
added into HDPE, approximately, 93% viscosity reduction was observed. Also, 1.0
wt% TLCP was added into high molecular weight polyethylene (HMMPE, TR570)
and gave rise to decrease in bulk viscosity about 95.0% at 190°C and at this

temperature, nematic phase structure was observed (Tang et al., 2010).

Whitehouse et al. investigated the effect of thermotropic liquid crystalline
polymer on the viscosity reduction properties and thermal behavior of HDPE matrix.
In their study, TLCP, which was a copolyester of hydroxybenzoic acid, hydroquinone
and sebacic acid was blended with HDPE and the variation of TLCP content on the
properties of HDPE was researched. Within experimental results, the increment in
TLCP content led to decrease in the heat of fusion and the melting temperature due

to the crystal growth inhibition of TLCP and resulted in lower crystal-size. In
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addition, the rheological properties of pure HDPE and blends were investigated to
determine the viscosity reducing properties of TLCP (Souza and Baird, 1996;
Whitehouse et al., 1997).

Saengsuwan et al. studied the morphology, rheology and tensile properties of
PP and TLCP composites. Rodrun LC5000, composed of 80% p-hydroxy benzoic
acid (HBA) and 20% polyethylene terephthalate (PET) was used as TLCP and
composites were prepared in a twin-screw extruder. According to experimental
results, the higher LCP content in composites gave rise to the higher young’s
modulus, whereas the lower tensile strength. It can be concluded that the
improvement in molecular orientation, the higher number of the elongated fibers and
fiber aspect ratio led to increase in young’s modulus and enhanced the mechanical

properties of PP (Saengsuwan et al., 2003).

Lee et al. studied the mechanical properties of thermothropic liquid
crystalline polymer, which has 20% polyethylene terephthalate (PET) and 80% p-
hydroxy benzoic acid (HBA)/ polypropylene hybrid nanocomposites and silica
particles were used as filler and this nanofiller could enhance the fibrillation of in-
situ LCP/PP composites. Nanocomposites having different contents of filler were
melt-blended in a twin-screw extruder. The variation in filler content gave rise to
changes in young’s modulus, tensile strength, stress-strain properties of composites.
According to results, young’s modulus of the composites increased at higher filler
content. It can be concluded that rigid silica filler could render the matrix stiff and
hence reinforce. As a result of stress-strain behavior, the addition of LCP and filler
led to decrease in strain values, whereas increase in stress values. It can be concluded
that PP was reinforced with LCP in the presence of filler (Lee et al., 2003).

Donnell and Baird studied the influence of maleic anhydride-g-polypropylene
(MAP) on the mechanical and morphological behavior of PP/LCP blends and the
effect of MAP content on these properties were evaluated. In the study, three
different types of LCPs were used. These were Vectra A950, which contains 27%
mol hydroxyl naphthoic acid and 73% mol hydroxy benzoic acid, Vectra B950,
which has 60% mol hydroxy benzoic acid, 20% mol aminophenol and 20% mol
terephthalic acid and LC3000, which has 40% mol poly (ethylene terephthalic acid)
and 60% hydroxy benzoic acid. Vectra A950 and Vectra B950 were copolyester and
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LC3000 was poly (ester amide) and maleic anhydride-g-polypropylene was used as a
compatibilizer owing to molecular chain with polar groups in order to enhance the
interfacial bonding between nonpolar PP and polar LCPs and improve the dispersion.
Therefore, MAP is one of the most common compatibilizer which increases
interfacial adhesion between different polymers (Zhou and Yan, 2004). According to
mechanical results, higher MAP content in the blends gave rise to higher tensile
strength among three different types of PP/LCPs blends and PP/Vectra A950 had the
highest tensile strength among them. Also, the increments in MAP concentration led
to increase in tensile modulus, but the tensile modulus of blends decreased after 20%
MAP concentration. In addition, stress-strain curves of blends were researched at
higher MAP concentration. At 50% MAP content, both Vectra B950 and Vectra
A950 blend had a transition from a ductile to a brittle failure. Moreover,
compatibilized PP/LCP blend possessed fibrillar morphology and enhanced
mechanical properties compared to uncompatibilized PP/LCP blend. It can be
concluded that compatibilizer creates better adhesion, by reducing interfacial tension
and improvement in matrix with more fibrillar structure (O’Donnell and Baird,
1995).

Chio et al. investigated the mechanical and thermal behavior of PP/LCP
blends in the presence and the absence of a compatibilizer, ethylene-glycidyl
methacrylate copolymer (EGMA). Vectra A900 was used as TLCP.
Uncompatibilized PP/LCP was immiscible and incompatible blend. In the presence
of EGMA, these properties of blends were improved. EGMA has polyethylene
segment and epoxy functional group to react with PP and carbonyl group in LCP,
respectively. According to experimental results, uncompatibilized blends had higher
crystallinity compared to compatibilized blends. It can be concluded that, EGMA-g-
LCP inhibits PP crystallization and hence the PP crystallinities of the compatibilized
PP/LCP blends were lower compared to uncompatibilized blends and in the
compatibilized blend, compatibilizer may cause a reduction in the crystallinity of PP.
In addition, the impact strength of compatibilized PP/LCP were higher than
uncompatibilized, but lower tensile modulus due to lower crystallinity of blends
compared to PP and increment in adhesion of the compatibilized blends were
observed (Chiou et al., 1996).
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1.6 Mechanical Properties of Polymers

There are some terms to define the mechanical properties of polymers. These
terms, their meanings and factors that affect these mechanical properties of polymers

and their results are given below:

A stress versus strain curve characterizes the tensile strength properties of the
materials. Initially, it is linear owing to reversible elastic deformation and the slope
of this curve is equal to the modulus of elasticity. The maximum stress is called as
“yield stress”. After yield stress, irreversible plastic deformation is observed. The
slope of this curve will decrease and the slope will be negative. This means that the
material fractures and called as failure (Cassidy et al., 2016).

In linear polymers, Strobl et al. fit the stress-strain and determined the true
stress-strain properties of polymers by using video-controlled device and put forward
a general visco-elastic model, where two linear regions terminated and called as
“double yielding points”, whereas the third critical point was attributed to “onset of
fibrillation” and the last point was due to chain disentanglements and attributed to

“initiation of cracking” (Dong et al., 2014).

Another term is “hardness” and defined as a resistance of material to plastic
deformation and Rockwell hardness number gives information about the hardness of
materials (Cassidy et al., 2016).

There are different factors affecting the mechanical properties of polymer.
For example, in semi-crystalline polymers, their blends or composites, the crystalline
structure is significantly important factor to obtain better mechanical properties
(Feng et al., 2014). Furthermore, the molecular packing morphology such as
crystallization morphology, which includes the crystalline and amorphous phases and
also intermediate phase observed in semi-crystalline polymer like polypropylene
(PP), polyethylene (PE), and polyethylene terephthalate (PET), etc and the
orientation of chains affect the mechanical properties of polymers. Moreover, in
micro-injected polymers, holding pressure and mold temperature are important in the
crystallization morphology. For instance, in the macro injection molding, the higher

mold temperature can lead to the bigger spherulite size in the core, resulting in
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enhanced mechanical properties. Also, enhanced E-modulus may be obtained at
higher mold temperature. Both thermal history and flow history, which increase the
nucleation density speed-up the crystallization process and promote the orientation
(Lin et al., 2013). Therefore, the optimum processing conditions must be determined
to obtain high performance materials.

Another factor that affects the mechanical behavior of polymer blend is
miscibility. Miscible and immiscible blends have different phase morphology and
these morphologies lead to changes in mechanical properties. Multiphase
morphology is observed in immiscible blends and hence leads to more complicated
mechanical behavior compared to miscible ones (Faker et al., 2008).

1.7  Literature Survey For PE

In recent years, different types of HDPE blend and composites have been
prepared and different properties such as mechanical, thermal and morphological

have been researched.

Xu et al. investigated the influence of carbon nanofiber on the tribological,
mechanical behavior and biocompatibility of HDPE. In order to determine these
properties, two different contents of carbon nanofibers (CNFs) (0.5 wt% and 3 wit%)
and 2.8 nm and 46 nm silane coating thicknesses were used to improve the interfacial
bonding between HDPE and CNFs. According to experimental results, strain at
fracture, ultimate stress and young modulus of nanocomposites were higher
compared to neat HDPE. It can be concluded that the surface areas per unit volume
of CNFs was more and this gave rise to better load transfer to the nanofibers and the
increment in young modulus. In addition, the increase in ultimate stress may be due
to restriction in the mobility of polymer chains. The thicker silane coating increased
the interfacial bonding more significantly owing to the physical entanglement of the
polymer chains and at the initial plastic deformation near the yield point, the polymer

chains were less mobile (Xu et al., 2015).

Pokharel et al. studied the mechanical and morphological properties of
graphene nanoplatelets (GNPs)/HDPE nanocomposites and the effect of titanate as a

coupling agent, which linkage chemically between GNPs and HDPE and improve the
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adhesion between GNPs and HDPE, on the properties of GNPs/HDPE
nanocomposites. In the research, solution dispersion method was used to prepare
composites and different contents of GNPs (2, 5, 10 wt%) composites with same
content titanate and without titanate were prepared. The mechanical properties of
virgin HDPE and composites were determined. According to these results; titanate
treated samples had enhanced mechanical properties (higher young’s modulus and
tensile strength) compared to untreated samples. The increment in GNPs content
gave rise to increment in young’s modulus and it can be concluded that the
plasticizing effect of titanate was insignificant at higher GNPs content because of
large improvement in modulus, but elongation at break and the tensile strength of
composites decreased after 2 wt% GNP because of matrix defect and agglomeration
of graphene dominated. In order to determine the thermal and crystallinity behavior
of composites, differential scanning calorimetry (DSC) analysis was applied. As a
result, the melting temperatures of composites were approximately close to the
melting point of virgin HDPE (130°C), but 2 wt% the melting temperature of treated
composite was 131.2°C and the highest crystallinity among the treated and untreated
composites. With respect to experimental results, there was a positive interaction
between HDPE and GNPs, but at higher GNP content, crystallinity decreased owing
to filler agglomeration and imperfection of crystallinity. Generally, in the presence of
nanomaterials, smaller crystalline domains are formed and the overall crystallinity
reduce at higher filler content (Pokharel et al., 2015).

Liu et al. researched the microcrystalline and mechanical properties of
HDPE/nanofiller composites. In order to investigate these properties, carbon
nanofillers at different size and morphology were used as a reinforcement reagent
and HDPE as a matrix material. These nanofillers were carbon nanofiber (CNF) and
graphite nanoplatelet (GNP). Different composites (HDPE/CNF-GNP and
HDPE/CNF), at different strain rates were prepared. At dynamic and static,
compression and tension tests were applied. According to experimental results, the
increase in strain rate gave rise to increase in the tensile strength and the compression
strength of both composites and all composites had higher tensile strength compared
to virgin HDPE, but the compression strength of composites were higher than tensile
strength. It can be concluded that, tensile strengths were more sensitive to defects

under tension loadings. But, the tensile strength of HDPE/CNF-GNP composites
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were higher than HDPE/CNF because of enhanced load bearing capacity. Also, as a
result of microstructure characterization, HDPE had some voids and these may cause
lower tensile strength and the increment in strain rate resulted in the decrease in
fibrous structure. At higher strain rates, deformability is reduced. Owing to reduced
ductility, the sensitivity to defects is more under tension compared to in compression
(Liu et al., 2015).

Xiang et al. investigated the influence of multi-walled carbon nanotube
(MWCNT) on the electrical, structural and mechanical properties of HDPE. In their
research, different contents of MWCNT (2, 4, 8% wt) were used to prepare
composites at two different process, blown film extrusion and compression molding.
With respect to thermal analysis results (DSC), at blown film extrusion process, the
crystallinity and crystallization temperature of pure HDPE and its composites did not
change, yet the melting temperature of blown film extruded samples were lower
compared to compression molding samples. Moreover, the variation in stress and
strain at break (%) and modulus were determined and the modulus’s were lower than
neat HDPE. Also, the modulus’s of compression molded composites increased at
higher MWCNT content. The stress and strain at break of the composite films
increased by increasing blow up ratio because of the break up of MWCNT

agglomerates (Xiang et al., 2015).

Lu et al. researched the mechanical behavior of polyethylene composites,
which included different contents of nylon-66 nanofibers (up to 0.65% wt
nanofibers) and samples were prepared by electronspun method and these nanofibers
are mechanically strong owing to the oriented macromolecular chains. In the study,
the reinforcement and toughen effect of nanofiber were investigated. The tensile
strength, tensile modulus, strain at break, toughness of composites increased by
increasing nanofiber content and it can be concluded that reinforcement composites
were obtained with electronspun method. Moreover, the crystallinity of composites
was investigated and the increase in nanofiber content of composite led to increment
in crystallinity and hence resulted in improvement mechanical properties (Lu et al.,
2015).

Feng et al. investigated the mechanical, rheological and thermal properties of
HDPE/polyamide 6 (PA) in situ microfibrillar composites. To prepare PA6/HDPE
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blend, which was ratio of 10:90, a single-screw extruder was used and this blend was
molded with multi-melt multi-injection molding (MMMIM), which has two injection
units. Within the differential scanning analysis, the melting temperatures of HDPE
and PA6 were 115.5°C and 116.55°C, respectively and also PA6/HDPE blend had
higher crystallinity. It was obtained that PA6 microfibrillar could serve as an
effective heterogeneous nucleation agent for neat HDPE. In order to explain detail
crystalline structure like orientation and crystalline morphologies, SEM images of
etched blend, by dissolving in strong acid was taken. In etched process, PA6 fibrils
dissolved, there were only spindle — like voids left and highly oriented crystals were
observed at SEM microphotographs. It can be concluded that PA6 microfibrillar
gave rise to oriented crystals and also it was important in the improvement molecular
orientation of HDPE matrix. According to mechanical results, the stress-strain
behavior and tensile properties of neat HDPE and blend were determined and young
modulus and the tensile strength of blend were higher compared to neat HDPE,
whereas elongation at break was lower due to poor elongation of blend. On the other
hand, HDPE had large elongation at break, resulted in necking and ductile fracture
mode. In conclusion, PA6 gave rise to increase mechanical properties of HDPE by

improving molecular orientation (Feng et al., 2014).

Faiz et al. researched the reinforcement effect of polybenzimidazole fiber
(PBI) on the thermal, morphological, mechanical and viscoelastic properties of
HDPE. A twin screw extruder was used for the preparation of HDPE/PBI
composites. As a consequence of DSC analysis, the melting temperatures of
composites didn’t change so much, but the crystallinities of composites decreased by
increasing fiber content and were lower than virgin HDPE because of amorphous
properties of PBI and its interaction with HDPE retards the nucleating effect that
means amorphous PBI obstruct the crystal growth and hence reducing crystallinity.
According to mechanical results, the increment in PBI content led to increment in
tensile strength, flexural strength and modulus, strain at break. It can be concluded
that the restricted motion of polymer chains resulted in increase in modulus owing to
strong interaction between matrix and the fibers. Also, the enhancement in
mechanical behavior can be attributed to the stiff nature of the PBI fillers and the
flexural modulus indicates that more flexible (bending and buckling) composite was
obtained than neat HDPE (Faiz et al., 2016).
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1.8 Free Volume

Free volume, V¢ is defined as empty microscopic space that exists between
molecules. In another definition, free volume equals the total volume V (cm®/g)
substracted by the specific occupied volume by atoms or molecules, Vo If this
specific occupied volume is called as van der Waals volume V,, which is the space
occupied by a molecule and this is not penetrable to other molecules, V; is known as
total free volume (Yang Y, 2011).

Vi = V-V

Vy can be calculated with Bondi’s method. For calculation, it is necessary to
know the size, the bond length and the angles of each atom in a molecule. Therefore,
Van Krevelen compiled tables can be used for the contribution of many common

polymer groups to Vi (Yang Y, 2011).

Free volume theory has been proposed to explain micro-structural changes in
polymers because many chemical and physical properties of polymers are associated
with their free volume. Free volume influences the substance properties such as
viscosity, mobility, structure relaxation, physical aging, molecular transport,
permeability etc. (Yang Y, 2011). According to experimental studies, it was found
that the decrease or increase in the size and number of free volume in polymers
resulted in micro-structural changes and cross-linking or chain-scission affected the
size and the number of free volume (Kumar et al., 2008). Moreover, the mobility of
polymer chains was correlated with the amount and size of free volume. By
determining the free volume, information about the polymer chain movements can be
obtained (Qi N et al., 2015).

Free volume, however is different for amorphous and crystal material. In
crystal materials, it is known as interstitial volume, whereas in amorphous materials,
excess free volume is observed because of structural disorders. Also, these local free

volumes are known as “holes” (Yang Y, 2011).
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There are different terms to explain the free volume properties. One of them

is hole or free volume fraction and denoted as h or f and formula is given below:
f= Vf/ V

The other parameter is the occupied fraction and represented as y and given

below:

y=1-f

1.9 Positron Property

Positron (e) was discovered in 1932 by Carl D Anderson. In physics, the
discovery of positron is a great event due to the first evidence for the existence of
antimatter. The positron is the anti-particle of the electron and its physical properties
resemble the electron (rest mass corresponding to 511 keV, spin: 1/2) except for
charge (+1 electron charge) (Yang Y, 2011).

There are some different methods, where positron is used such as PET
(Positron Emission Tomography), SPM (Scanning Positron Microscopy), TPM
(Transmission Positron Microscopy), ACAR (Angular Correction of Annihilation
Radiation), Positron Diffraction Technique, PAES (Positron-annihilation induced
Auger Electron Spectroscopy), CDB (Coincidence Doppler Broadening) and SPL
(Slow Positron Beam) and PALS (Positron Annihilation Lifetime Spectroscopy).
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1.10 Positron Generation

When positron is compared to electron, it is difficult to find stable positron
due to the shorter lifetime of positron and fewer in nature. There are mainly two
ways to generate positron. One of them is pair production and the other is
radioactive decay.

Pair Production: When a photon reaches energy exceeding twice the rest
mass of electron (1.022 MeV), it can produce an electron and a positron. This is
defined as “pair production” (Yang Y, 2011).

Radioactive Decay: Positron is ejected from positron source by using
different positron source such as Na (Yang Y, 2011) and entered into polymer.
Later, thermalization and diffusion processes occur (Yang Y, 2011).

> Thermalization: When high energetic positrons are injected into

material or polymer, they create excess electrons and these electrons can annihilate

with free positrons to form positronium (Hirade, 2003).

> Diffusion: After thermalization, positron travels without annihilating

or falls into a localized state. This process is called “diffusion”.

1.11 Positron Sources

There are different types of positron sources such as *°Ge, **Co, **Cu, “Ti,
*'Na and *’Na, but **Na is generally used due to economic, proper half-lifetime and

emitting gamma signal.

22Na is artificially obtained from NaCl and it has the highest kinetic energy
due to #* and the half-life of sodium 22 is 2.602 years. After one of the protons in
2ZNa emits a positron and becomes a neutron, the ’Na transforms to excited state of

22Ne and decay scheme of sodium 22 is given in Figure 1.4 (Yang Y, 2011).
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1.12 Positronium

Positron ejected from the positron source annihilates with an electron directly
or forms an intermediate state between positron and electron (e*...e") and this form is
defined as “positronium” atom (Ps). (Yang Y, 2011). Two different types of Ps
form; one of them is para-positronium (p-Ps) (N) (the spins of the electron and
positron are antiparallel and called as opposite spin direction, denoted *Sg) and the
other is ortho-positronium (0-Ps) (#4)(the spins of the positron and electron are
parallel and called as same spin direction, denoted 3S;) (Mostafa et al., 2009).
Furthermore, the spin angular momentum of p-Ps is zero, whereas the spin angular
momentum of 0-Ps is unit. In vacuum, the self-annihilation lifetime of p-Ps is 124 ps

and for o-Ps is 142 ns.

0-Ps is formed in the free volume sites of polymer and there are electrons
around, and hence the positron in 0-Ps annihilates with another electron of opposite
spin in nanoseconds and emit two photons rather than three. This process is defined
as “pick-off annihilation”(Mostafa et al., 2009). Also, in polymers, Ps can be
formed in free volume holes of polymer or lower electron density areas and it has
been proposed that it is an important indicator for the detection of free volumes in

polymers (Mostafa et al., 2009).
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1.13 Positron Annihilation Lifetime Spectroscopy (PALYS)

“Positron annihilation lifetime spectroscopy” (PALS) is one of the most
important techniques for the determination of local free volume and micro structural
characterization (Yu et al., 2006).

The principle of this technique depends on the generation and annihilation of
the “positrons” and these positively charged positrons reside and decay by forming
positronium in low electron density region (Djourelov et al., 2003). With respect to
free volume theories, 0-Ps particles exist in a free-volume region. The increase in the
size of void results in lower positron sensitivity, but higher Ps sensitivity in lower
charge density region and hence it is suitable probe for the determination of free
volume in polymers due to Ps localization in the free volume holes and amorphous

region (Dai et al., 2003; Terlemezyan et al., 2008).

In PALS measurement, generally ?’Na radioactive source is used to generate
positrons and ejects a 1.28 MeV photon, as a start signal and then the positron
annihilates with an electron and 511 keV is emitted and this is stop signal. The time
differences between start and stop signal equals to the annihilation lifetime of

positrons and PALS measures this time differences (Yang Y, 2011).

22



1.14 Lifetime Analysis

The mean lifetime (z), is the reciprocal of the annihilation rate (A) of
positrons and this lifetime is correlated with electron density around the molecule
and hence the mean lifetime of positron can give information about free volume. The

higher 7 results in the higher free volume in material (Yang Y, 2011).

There are three lifetime components with mean lifetimes and intensities (1).
These are:

para-Ps (p-Ps, channel 1), (71 or 7p.ps) (para-positronium lifetime)
positrons which don’t form Ps (e*, channel 2) (7 orze)(free positron

lifetime)

ortho-Ps (0-Ps, channel 3) (73 or z,.ps)(0rtho positronium lifetime)

71,72 and 7z values in polymeric materials are given below:

1 o _
Tp-pS = Vi +L1 Tp_ps r— 125 pS
Tg—Ps U2

Tree = Tp ~ 350 to 500 ps

1
Tops =—— 1 & 1to4ns
Tg-PS Tpo

[free = 1- (Ip—PS + Io—PS)

In polymers, p-Ps lifetime is not affected in polymer nature and it equals to
0.125 ns in vacuum, however, o0-Ps lifetime is sensitive to the free volume and by
using o-Ps lifetime, the free volume properties of polymers can be obtained. Ps is
generally occured in the lower electron density and if the electron density in polymer

is higher, positrons are annihilated directly instead of positronium formation.
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1.15 Lifetime Measurements in Polyethylene

Generally, three lifetime components are observed in polymers. Due to semi-
crystalline properties of HDPE, four lifetime components can be deduced if a good

statistic is possible (Suzuki et al., 1996).

With respect to PALS analysis, the lifetime spectrum of polyethylene is
resolved into the three lifetime components. The shortest-lived component is the
para positronium lifetime (7;) about 125 ps with the intensity, 1;. An intermediate-
lived component is the free positron lifetime (7) about 650-800 ps with the intensity,
I, and this is due to trapped positrons and/or trapped positronium. The longest-lived
component is the ortho-positronium lifetime (z3) about 2.5 ns with the intensity, I3
and this is owing to pick-off annihilation (Brusa et al., 1995). Furthermore, I3and 73
are correlated with the number of free volume and the size of free volume,

respectively (Hsieh et al., 2000).

1.16 The Tao-Eldrup Model

The relation between the pick-off annihilation lifetime and free volume hole
radius “R” was given Tao and calibrated by Eldrup et al. (Eldrup et al., 1981) later
Nakanishi et al. (Nakanishi et al., 1990). Also, this relation is known as Tao-Eldrup
model and given in equation (1). With respect to Tao-Eldrup model, Ps wave
function occupies the ground state in the infinite potential and overlaps with bulk in
the range between R and R +AR (Yang Y, 2011).
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Figure 1.6. Tao-Eldrup model representation

-1

r,(ns) =1 1= R4 L gjn 27R (1)
2 R, 27 R,

where R, =R+JR with SR=0.1656nm which is the thickness of the

homogeneous electron layer that constitutes the wall of the hole and =3 is in

nanoseconds, and R is in angstroms (Nakanishi et al., 1988).

By using calculated free volume hole radius in Equation (1), free volume is

calculated in formula given below by assuming spherical free volume

4
v =3 R? )
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1.17 Factors Affecting Positronium Formation

Many factors affect the positronium formation. These are;

Low temperature,
Positron-source intensity,

y- irradiation (radiation effect),
Positron mobility,

Positron irradiation effect,

The crystallinity of polymers,
Formation of free radicals,
Chemical functional groups,
Polymer structures,

Electron affinity,

AN N Y N N N N N N

Inhibition effect of carbonyl groups

The effect of positron source on Ps formation has been investigated and it
was revealed that positron source possesses a radiation effect upon different
measuring times and this gives rise to the changes in lifetime results. I3 decreases at
higher measuring time and this decrease depends on polymer type. For illustrate, a
large decrease in I3 was observed for PP owing to free radicals formed by positron
irradiation. It can be concluded that the effect of positron irradiation on positron
formation can be correlated with the free radicals. According to some researches, I3
and 73 decrease in the presence of the free radicals. However, the decrease in I3 is

related to not only the free radicals, but also structural changes (Suzuki et al., 1995).

Moreover, the influence of y-irradiation on Ps formation has been researched
and it is found that I3 decreases in y-irradiated polymers, which have higher
crystallinity like HDPE. Because free radicals are formed upon y- irradiation and
these free radicals behave as an efficient electron scavengers, and hence causes to
decrease in I3 (Suzuki et al., 1995).

On the other hand, the effect of measurement time on o-Ps formation at low
temperature and room temperature (RT) has been investigated and it was found that

at low temperatures, especially lower than 150K, the increment in measurement time
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led to the higher I5 at semi-crystalline and amorphous polymers (Kindl et al., 1987;
Reiter et al., 1990; Suzuki et al., 1996; Uedono et al., 1997; Wang CL et al., 1998).
The increment in Is is due to trapped electrons, created by the positron radiation
(Reiter and Kindle, 1990; Suzuki et al., 1996; Uedono et al., 1997). But, at room
temperature, the higher measurement time for some polymers like polyethylene and
polypropylene resulted in the lower Is. The decrement is because of y-irradiation
effect of positron source. Also, at room temperature, free radicals like alkyl and allyl
radicals are observed and thus these free radicals catch the positrons, leading to
lower I3 (Hirade et al., 2001).

Ps formation in polypropylene was researched and it was found that chemical
degradation in the amorphous phase of polypropylene may inhibit Ps formation and

thus leads to decrease in I; (Badia et al., 1999).

The effect of carbonyl group on Ps formation was investigated and Ps
formation decreased due to carbonyl groups and conjugated oxygen. Because these
groups are electron scavenger and may restrict Ps formation leading to decrease in I3
(Badia and Duplatre, 1999; Shantarovich et al., 2003). Moreover, different type of
reactions occur at Ps formation in the presence of polar group and these reactions are
given below (Qi CZ et al., 2000).

e e —le’, e’] (Ps formation)

PG —PG™ + e~
(ionization)

PG™ + e~ — PG
(recombination)

PG+ e — PG other reaction
(anion formation) processes

PG~ +e" — [PG7,e"]
(positron capture)

[e*] + [e] —e™ + e
(diffusion out of spur) |

Figure 1.7. Possible reactions in Ps formation in the presence of polar groups
(PG= Polar Groups)
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1.18 PALS Literature Survey

In recent years, PALS has been used for the detection of free volume
properties of different polymer, polymer blends and the free volume results of

polymers have been explained below:

Nahid and counterparts studied the effect of trapped electrons on the
positronium formation of high density polyethylene, which has 70-80% crystallinity
below glass transition temperatures (20K, 40K, 60K, 80K, 120K, 150K and 200K).
According to experimental results, 1;at 20K was higher compared to I3at 200K and
with increasing temperature, 13 decreased. In addition, the variation in I3 was studied
at different irradiation times at this temperature range. By increasing irradiation time,
higher 13 was obtained owing to higher inter-track trapped electrons. It can be
concluded that at lower temperatures, these trapped electrons are localized and they
can react with positrons (Nahid et al., 2011).

Mostafa et al. investigated the free volume properties and glass transition
temperature (Tg) of low density polyethylene (LDPE), which is 60% crystallinity and
density is 0.94 g/lcm®; high density polyethylene (HDPE), which is 87% crystallinity
and density is 0.95 g/cm®; styrene butadiene rubber (SBR) and their blends, which
are LDPE/SBR (50/50) and HDPE/SBR (50/50) via PALS in the temperature range
between 100-300K. Free volume-hole distribution of neat LDPE, HDPE and their
blends were investigated. According to experimental results, free volume size
distribution of blends was between pure components. Pure SBR had larger free
volume distribution than LDPE owing to three electrons in benzene rings, resulting
in more spaces and increment in free volume. However, the free volume size
distribution of HDPE was lower compared to LDPE because of higher crystallinity.
Because the higher crystallinity of HDPE resulted in Ps inhibition leading to smaller
free volume (Mostafa et al., 2009). Moreover, the variation in 73 was investigated at
different temperature and Ty of blends and pure components were determined. For
50/50 LDPE/SBR and 50/50 HDPE/SBR blend and pure components, z3 increased
between 100K and 300K owing to the thermal expansion of free volumes at higher
temperatures. Also, Ty was determined from lifetime-temperature curves. At higher
SBR content, Ty of LDPE and HDPE blends increased and one T4 was obtained for

every blend. This refers that these blends are miscible. Below Ty, the side-chain
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motion starts and the motion is on a single chain segment resulting in rotation of
small parts of the molecules. Above Tg, the long chain segments and molecules are
associated with the motion and hence rubbery matrix becomes and higher free
volume obtains (Mostafa et al., 2009). o-Ps intensity, I3 of pure polymers, their
blends and the chances in 13 were determined at different temperatures. Below T,
with increasing temperature, 0-Ps intensity, Is of LDPE, LDPE/SBR, HDPE,
HDPE/SBR were increased owing to spur reaction model. With respect to this
model, at lower temperature, electrons generated in polymers by y- irradiation are
localized in shallow traps. Above Tg, the higher temperature led to the lower I3 due
to disappearance of localized electrons. Also, trapping positron gave rise to decrease
in intensity. Because, positrons forming Ps may be captured at these traps and I3

decreases.

Hirade and Kumada investigated the effect of y-irradiation on the positronium
formation of high density polyethylene. According to their study, the higher
irradiation dose led to the lower positronium intensity (Hirade and Kumada, 2001). It
can be concluded that chemical changes such as a carbonyl group (Suzuki T et al.,
1993) and free radicals (Suzuki et al., 1995) created by positron irradiation affect Ps
formation (Mogensen, 1974).

Suzuki and counterparts investigated the influence of temperature and
positron source intensities on the positronium formation of high density
polyethylene, which has 59% crystallinity, determined from X-Ray analysis, and
melting temperature is 407K. In order to investigate source effect, four different
intensities (0.7 MBq, 1.1 MBq, 1.6 MBqg and 3.7 MBq) of positron source were used
to irradiate at 50K. In addition, y-ray irradiation was applied at 50K and z3, I3 were
determined between 50 and 300K for unirradiated PE. According to experimental
results for unirradiated sample, at low temperatures near glass transition temperature,
I was higher than I3 at 300K due to the trapping electrons and the decrease in
molecular motion at low temperatures. Also, at higher temperatures than 150K, I3
started to decrease because of local mode relaxation. As obtained from the
experimental results, positronium formation is based on temperature. However, at
higher temperatures, 73 increased. In addition, with increasing positron source

intensity, z3 0-Ps lifetime of unirradiated PE increased and it can be concluded that
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with increasing irradiation doses, trapped electrons increased and maximum trapped
electrons were obtained at 3.7 MBg. When PE was irradiated with different y-ray
irradiation, o-Ps intensity and lifetime changed with irradiation. For unirradiated, 1
MGy and 2 MGy irradiated samples, o-Ps lifetime and intensity were investigated
and it was found that at higher irradiation dose, o-Ps lifetime and intensity of
unirradiated sample was higher compared to irradiated samples. It can be concluded
that upon irradiation, radicals are formed and eliminate trapped electrons and thus
leads to the decrease in lifetime and intensity (Suzuki et al., 2000).

Badia and Duplatre studied the effect of gamma irradiation and electron beam
on 0-Ps intensity I3 and lifetime 73 of high density polyethylene via PALS.
Experimentally, the lifetime spectra were analyzed into four lifetime components and
the variations in crystalline and amorphous parts were determined. In order to
determine these changes, 80 kGy.s™ electron irradiation and 26x10° kGy.s™ gamma
irradiation were used and carried out at 291K, for fluences up to 300 kGy. No
changes were observed in lifetimes. However, I3 decreased rapidly with fluence, up
to 8 kGy and later remained constant up to 300 kGy. In addition, 1, decreased up to
about 5 kGy. It can be concluded that, cross-linking formed in amorphous or
crystalline phases and caused to decrease in I3 and I, and hence, Ps formation
decreased. Moreover, the free volume radiuses of crystalline and amorphous phase
were determined and founded as 0.182 nm for crystalline phase, 0.333 nm for

amorphous phase (Badia and Duplatre, 1999).

Hirade and counterparts applied Co-60 vy-radiation for high density
polyethylene and amorphous poly(methyl methacrylate) and investigated the changes
at I3 at lower temperatures. As a result, trapped electrons increased the formation of
Ps at lower temperatures. Because molecular motions were restricted at lower
temperatures and irradiation gave rise to increase the trapped electrons, thus I3
increased and the increase in 0-Ps intensity of poly(methyl methacrylate) were higher
than polyethylene. It was concluded that the positrons in amorphous polymers
diffused easier compared to positrons in crystalline polymers due to regular shape of
crystalline polymers. Thus, especially at low temperature, positrons had higher

localization probability in amorphous polymers (Hirade et al., 2000).
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Brusa and his counterparts studied the positron mobility of polyethylene
between 60K and 400K. All lifetime spectra were analyzed into three lifetime
components. I, and I3 changed by applying an electric field, while 1 I3 and 3
changed with the sample temperature (Brusa et al., 1995). It can be concluded that
free volume changed due to semi-crystalline nature of polyethylene and the internal
structure was dominant in the crystalline segments, whereas, lamellar crystals were
dominant in the folded chains and disordered amorphous regions and defects in the
crystalline region led to higher free volume.

Suzuki et al. researched the radiation effect on positronium formation in
different types of polyethylene (Tekmilon, 90% crystallinity; HDPE, 64%
crystallinity; LDPE, 34% crystallinity) and polypropylene (58% crystallinity). The
samples were irradiated with y-ray at room temperature and the variation in
positronium formation with the elapsed time was examined for pristine HDPE,
1 MGy y-irradiated PE and annealed of this sample. With regard to results, o-Ps
intensity, 13 of 1 MGy y-irradiated PE was lower than pristine HDPE because of the
effect of free radicals on positronium formation in irradiated sample, whereas
annealed sample had higher o-Ps intensity, I3 than pristine. Because free radicals
were eliminated and the crystallinity of annealed sample was lower than pristine and
increased the amount of the amorphous part, which has more trapping sites of
electrons. In addition, the effect of irradiation time and irradiation dose on 0-Ps
formation was investigated for polypropylene. According to results, at same
irradiation time, o-Ps intensity of irradiated polypropylene was lower than non-
irradiated polypropylene owing to free radicals, which are electron scavengers and
act as the inhibitor of Ps formation (Suzuki et al., 2001).

Kobayashi et al. investigated the effect of electric field on the lifetime
parameters of gamma irradiated and unirradiated polypropylene and polyethylene via
positron annihilation lifetime spectroscopy. Two different polyethylene (low density
polyethylene (LDPE), which is 34% crystallinity and high density polyethylene
(HDPE), which is 66% crystallinity) and two different polypropylene (normal
polypropylene (PP-N), which is 55% crystallinity and polypropylene high
crystallinity (PP-HC), which is 66% crystallinity) were used and irradiation dose
changed from 0.13 kGy to 1300 kGy and electric field was between 0 and 48 kV/cm.
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With respect to experimental results, I3 of both irradiated PP and irradiated PE
decreased at higher irradiation dose. At low irradiation dose, I values decreased
sharply due to spur reaction model and polypropylene was more sensitive to
irradiation compared to polyethylene due to reaction between positrons and trapped
electrons. Also, the decrease in I3 was owing to free radicals formed during
irradiation. It can be revealed that, the reduction in o-Ps intensity was attributed to
not only free radicals, but also polymer structure and free volume (Duplatre et al.,
1990). In addition, the intensities, I; of these irradiated samples and unirridiated
samples were decreased at higher electric field. It was found that the decrease in
unirradiated samples was higher compared to irradiated ones (Kobayashi Y. et al.,
1997).

Suzuki and counterparts researched the positron irradiation effect on
polypropylenes, which are isotactic polypropylene (55% crystallinity, PPN) and
polypropylene with high crystallinity (66% crystallinity, PPHC) also polyethylenes
which are ultra high molecular weight polyethylene (54% crystallinity, UHMWPE),
low density polyethylene (34% crystallinity, LDPE) and high density polyethylene
(66% crystallinity, HDPE) via PALS. Positron irradiation effect was examined in
vacuum and air at 300K, also y- irradiation effect was investigated. According to
experimental results, with increasing positron irradiation time, the decrease in I3
increased and the decrease in I3 in polypropylene samples were higher compared to
polyethylene. But, 0-Ps lifetime didn’t change so much and it can be concluded that
the hole sizes remain were constant (Suzuki et al., 1995). Four lifetime components
for polypropylene were determined and o-Ps intensity in amorphous and crystalline
region were investigated. According to experimental results, z3and =, were constant,
but the decrease in I, was higher than I3, The decrease in 13 was due to the increment
in free radicals in the crystalline region. From the experimental results, positron
irradiation affected o-Ps intensity, formed in amorphous region and main chain
scissions may create methyl groups, by inhibiting Ps formation. On the other hand,
the decrease in I3 of polyethylene was lower than polypropylene because different
radiation effect was observed in polyethylene and polypropylene, resulting in
changes in l3. Also, the higher decrease in 0-Ps intensity of polypropylene was due
to methyl groups created by scission and hence results in the thermal activation and
Ps inhibition (Levay et al., 1989; P, 1990; Suzuki T et al., 1993; Zhang Z et al,,
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1991). Moreover, the difference in 0-Ps intensity in vacuo and air irradiation may be
due to carbonyl group effect and radiation-induced oxidation. In addition, y-
irradiation affected the o-Ps intensity, I3 of polypropylene and polyethylene (Suzuki
T et al., 1993).

Hsieh et al. researched the rheology, free volume and miscibility properties of
thermotropic liquid crystalline polyester/polycarbonate blends by using PALS. In
their study, Vectra A950, a thermotropic liquid crystalline polymer (TLCP) was
blended with polycarbonate (PC). I3, 3 and the free volume of pure PC, pure Vectra
A950 and blends including different contents of Vectra A950 (10, 20, 30, 50, 75%)
were evaluated. According to analysis, Vectra A950 was lower free volume in
comparison to PC owing to the limited flexibility of TLCP molecules, greater chain
rigidity and slit-like free volume in TLCPs instead of spherical. In addition, by
increasing Vectra A950 content, I3, 73 and free volume of blends decreased. The
increase in Vectra A950 content gave rise to positive deviation in 0-Ps intensity, I3
and this means until 30% Vectra A content, blend is immiscible, while at 50% and
greater than this Vectra A950 content, negative deviation was observed in 0-Ps
intensity, I3 and this means that these blends are partially miscible. It can be
concluded that positive deviation in I3 was observed in immiscible blends and
resulted in free volume cavities (larger z3) and create new cavities were formed
between different phases owing to the repulsion of different molecular chains.
However, a negative deviation was observed in miscible TP/TP blends and leads to
lower free volume owing to intermolecular interactions (Hsieh et al., 2000).
Moreover, the free volume density and the free volume fraction of blends as a
function of Vectra A950 content and pure components were investigated. The
increment in Vectra A950 content caused to increase in the free volume density,

whereas it caused to decrease in the free volume fraction.

According to some papers, 73 shortens and I3 reduces owing to the free
radicals. However, the effect of y ray irradiation on I3 and 73 cannot be associated
with not only free radicals but also the structural changes (Suzuki et al., 1995).
Suzuki investigated the effect of y ray irradiation on lzand z3, at 373K. According to
the study, the radical concentration reduced at 373K, but, I3 didn’t change.

Therefore, this indicates that non-correlation between the radical concentration and I
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at this temperature (Suzuki T et al., 1992). Upon vy irradiation, various factors affect
Ps formation such as crystallinity, cross-linking, carbonyl groups and free radicals
(Kobayashi Y. et al., 1997; Suzuki et al., 2001).
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2. AIM AND SCOPE OF THE STUDY

The objective of this study is to graft copolymerize the monomer p-
benzophenoneoxycarbonylphenyl methacrylate onto both high density polyethylene
and isotactic polypropylene and the monomer p-benzophenoneoxycarbonylphenyl
acrylate onto isotactic polypropylene. The homopolymers of the monomers were
reported to exhibit mesomorphic behavior. That is, the macromolecules exist
asassociated in an ordered fashion with a high state of orientation at molecular level.
By the presumed mesomorphic properties of the polymers, the improvements in the
properties of high density polyethylene and isotactic polypropylene were mainly
aimed by the graft copolymerizations. It was also intended to improve processability
of the materials with a better dispersion of the reinforcing liquid crystalline polymer
phase in the grafted products. It was planned to investigate the effect of the graft
copolymerizations on the thermal, mechanical, morphological and microstructural
behavior of the materials. It was also planned to unfold and to clarify the effect of
microstructural behavior, that is, free volume characteristics on the properties

especially mechanical behaviors of the products.
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3. MATERIALS AND METHODS

3.1 Chemicals and Materials Used

3.1.1 Solvents and Reagents

Dimethyl formamide, dimethyl sulfoxide, acetone, dioxane, methanol and
xylene (Merck A.G.) and ethanol (technical grade) were used without any

purification.

Acryloyl chloride, p-hydroxybenzoic acid and thionyl chloride (Merck A.G.),
methacryloyl chloride and 4-hydroxybenzophenone (Alfa Aesar A.G.) were the main
chemicals for the preparation of the monomers, p-benzophenoneoxycarbonylphenyl
acrylate and p-benzophenoneoxycarbonylphenyl methacrylate and used without any
purification. Dicumyl peroxide (DCP) (Merck A.G.), the initiator used in the

polymerizations was received.

3.1.2 Preparation of Powder High Density Polyethylene and Isotactic
Polypropylene

High density polyethylene (HDPE), coded as S 0464 and isotactic
polypropylene (IPP), coded as MH 418 were supplied by Turkish Petrochemical
Industry (PETKIM).

The polymer (HDPE or IPP) granules were dissolved in boiling xylene (138-
139°C) and precipitated by adding ethanol. The precipitates were collected by
filtering, dried at 40°C in vacuum and ground by cooling in liquid nitrogen. The
obtained HDPE and IPP powders were used in the graft copolymerization

experiments.
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3.2 Synthesis of the Monomers
3.2.1 Synthesis of p-Benzophenoneoxycarbonylphenyl Acrylate

3.2.1.1 Preparation of p-Acryloyloxybenzoic Acid

p-Acryloyloxybenzoic acid, ABA used in the synthesis of the monomer, p-
benzophenoneoxycarbonylphenyl acrylate was prepared by condensation reaction of
acryloyl chloride with p-hydroxybenzoic acid in alkaline medium, Figure 3.1, as
described by Soykan U (Soykan, 2013). In a typical procedure, 34.5 g (0.25 mol) p-
hydroxybenzoic acid was dissolved in a solution of 20 g (0.5 mol) NaOH in 250 mL
of distilled water in a flask equipped with a magnetic stirrer. After cooling the
solution to 0-5°C in an ice bath, 21.5 mL (0.25 mol) of acryloyl chloride was added
dropwise by stirring simultaneously. The stirring was continued at 0-5°C for 1 h and
then at room temperature for another 1 h. The product, ABA was precipitated by
adding diluted and cooled HCI solution, filtered and washed with water. The
obtained ABA was then purified by repeated recrystallizations from acetone. The

yield was 75%, in good agreement with the literature (Soykan, 2013).
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Figure 3.1. The reaction of acryloyl chloride with HBA to produce ABA

3.2.1.2 Preparation of p-Acryloyloxybenzoyl Chloride

p-Acryloyloxybenzoyl chloride, ABC was prepared by refluxing ABA,
synthesized previously, in thionyl chloride in the presence of trace amount of
dimethyl formamide as described by Soykan U (Soykan, 2013), Figure 3.2.
Typically, 50.0 g of ABA was refluxed with 500 mL of thionyl chloride containing a
few drops of dimethylformamide for 8 hours. The excess thionyl chloride was
removed by vacuum distillation. The product was purified by repeated
recrystallizations from dichloromethane by lowering the solubility with the addition

of hexane until turbidity. The yield was 98 wt%.
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Figure 3.2. Synthesis reaction of p-acryloyloxybenzoyl chloride (ABC)

3.2.1.3 Synthesis of p-Benzophenoneoxycarbonylphenyl Acrylate

The monomer p-benzophenoneoxycarbonylphenyl acrylate, BPOCPA was
synthesized by condensation reaction of p-acryloyloxybenzoyl chloride with p-
hydroxybenzophenone in the presence of pyridine, Figure 3.3. Typically, 24.4 g
ABC (0.116 mol) and 23.0 g (0.116 mol) HBP were dissolved in 250 mL of xylene.
The solution was stirred about 30 minutes at room temperature, and a pale yellow
mixture was obtained. 9.4 mL (0.116 mol) of pyridine was added to the mixture in a
slow manner, one mL per hour, by stirring simultaneously. The stirring was
continued about 72 hours at room temperature. In order to separate dark brown
residue formed during the reaction from the white product (the monomer), the
mixture was heated, and the resulted solution was separated from the residue by
decantation. The product, BPOCPA was obtained by cooling the solution, and

purified by repeated recrystallizations from xylene. The yield was 60%.
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Figure 3.3. Synthesis reaction of benzophenoneoxycarbonylphenyl acrylate
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3.2.2 Synthesis of p-Benzophenoneoxycarbonylphenyl Methacrylate

3.2.2.1 Preparation of p-Methacryloyloxybenzoic Acid

p-Methacryloyloxybenzoic acid, MBA required in the synthesis of p-
benzophenoneoxycarbonylphenyl methacrylate was prepared by condensation
reaction of methacryloyl chloride with p-hydroxybenzoic acid in alkaline medium as
in the preparation of ABA with the same procedure and the same amounts, Figure
3.4.
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Figure 3.4. The reaction of methacryloyl chloride with HBA to produce
MBA

3.2.2.2 Preparation of p-Methacryloyloxybenzoyl Chloride

p-Methacryloyloxybenzoyl chloride, MBC was prepared by refluxing MBA,
formerly prepared, in thionyl chloride in the presence of trace amount of dimethyl

formamide as was carried out in the preparation of ABC, Figure 3.5.
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Figure 3.5. Synthesis reaction of p-methacryloyloxybenzoyl chloride
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3.2.2.3 Synthesis of p-Benzophenoneoxycarbonylphenyl Methacrylate

The monomer p-benzophenoneoxycarbonylphenyl methacrylate, BPOCPMA
was synthesized by condensation reaction of MBC with p-hydroxybenzophenone by
stirring the equimolar solution of the reactants in xylene containing pyridine for 3-4
days, Figure 3.6. The product, BPOCPMA was purified by repeated

recrystallizations from xylene. The yield was 57%.
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Figure 3.6. Synthesis reaction of p-benzophenoneoxycarbonylphenyl
methacrylate

3.3  Polymerization of the Monomers

Both the monomers, BPOCPA and BPOCPMA were polymerized by bulk
melt polymerization. Mixture of monomer (BPOCPA or BPOCPMA) and dicumyl
peroxide (3% with respect to weight of monomer) was heated to 140°C in vacuum
keeping the temperature constant for 1 h. The product (poly(BPOCPA) or
poly(BPOCPMA)) was washed with acetone and then DMSO to remove residual
monomer and byproducts formed during the polymerization, and dried at 40°C in

vacuum. Yield was about 95% in both polymerizations.

3.4  Graft Copolymerization of the Monomers

The graft copolymerization of BPOCPMA onto HDPE and of both monomers
BPOCPA and BPOCPMA onto IPP were carried out by means of bulk
polymerization method. Typically, the polymer in powder form (HDPE or IPP), the
monomer (BPOCPA or BPOCPMA) and the initiator DCP were mixed in desired
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ratios in a mortar with extensive hand grinding, and the mixture then was
transformed into reaction tube. The tube was evacuated, sealed and heated up to
desired temperature keeping the temperature constant for a certain period of reaction
time. At the end of the reaction time, the tube was cooled at room temperature and
crack-opened. The product was washed firstly with acetone to remove monomer
residual and then with DMSO to remove low molecular weight products and
byproducts formed during the polymerization. Finally, the grafted polymer was
rewashed with acetone several times to ensure the removal of DMSO, and dried at
40°C in vacuum. The obtained product, named as coproduct, was consist of the
polymer with grafted units and the homopolymer molecules since the homopolymer
molecules, poly(BPOCPA) and poly(BPOCPMA), forming during the reaction but
not grafted onto the matrix polymer were not soluble in DMSO. Moreover, to
remove the homopolymer molecules from the products and thus to obtain the
products, named as copolymers, and also to determine the extent of grafting, some
products were also washed with hot DMF, since the homopolymer molecules were
soluble in hot DMF.

35 Characterizations and Instruments

3.5.1 Fourier Transform Infrared Spectroscopy (FTIR)

The intermediate products in the synthesis of the monomers BPOCPA and
BPOCPMA, the polymers HDPE, IPP, poly(BPOCPA) and poly(BPOCPMA) and
the graft products were characterized by using a Shimadzu 8400 S FTIR
spectrophotometer. FTIR spectra of the samples, from 4000 to 400 cm™, were
obtained from KBr pellets prepared with approximately 2 mg sample and 100 mg

spectroscopic grade KBr.

3.5.2 Nuclear Magnetic Resonance (NMR) Analysis

ABA, MBA, BPOCPA and BPOCPMA were also characterized by using a
Bruker-Spectrospin Avance DPX 400 Ultra-shield *H-NMR spectrometer with a
frequency of 400 MHz in dimethyl sulfoxide-ds. Tetramethylsilane (TMS) was used

as an internal reference.
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3.5.3 Differential Scanning Calorimetry Analysis

Shimadzu DSC 60 Differential Scanning Calorimeter was used for DSC
analysis of the intermediate products, the monomers and of the graft products. The
analyses of the samples varying between 2-5 mg were carried out under N
atmosphere with a heating rate of 10°/min. Crystalline melting temperatures (Tr,) and

heat of fusion values (AHy,) were determined from the obtained thermograms.

3.5.4 X-Ray Diffraction (XRD)

Microstructural properties of the products were investigated by a Rigaku
Multiflex X-ray diffractometer. The X-Ray data were collected with the Cu-K,
radiation (A=1.54 A for Cu). The XRD patterns were obtained from 10° to 60° for
HDPE and from 10° to 40° for IPP. The patterns were collected with the step size of

0.02° in air at room temperature.

3.5.5 Tensile and Impact Properties

Tensile properties of HDPE, IPP and of the graft products were determined
by a LLYOD LR5K Mechanical Tester with the speed of elongation, 50 mm/min at
room temperature. The test samples with a gauge dimension of 50 mm (length) x 7.6
mm (width) x 2 mm (thickness) were prepared by micro-injection moulding with
Daca Instruments Microinjector at 220°C with 8 bar injecting pressure. The tensile
strengths and moduli were directly obtained from the stress-strain curves by the
provided software of the instrument. Minimum four samples were tested for each

composition.

The impact behavior of the test samples were studied by Coesfeld Material
Test Pendulum Impact Tester at room temperature. The test samples were prepared
as were for tensile tests but with thichness of 1 mm and width of 7 mm. The test

results were given as an average of at least four samples for each composition.
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3.5.6 Fracture Surface Analysis (SEM)

The morphological observations of fractured surfaces were conducted with
JEOL 6390-LV Scanning Electron Microscope at 20 kV and 3 nm resolution power.

To improve the conductivity, all samples were gold coated before the analysis.

3.5.7 Positron Annihilation Lifetime Spectroscopy (PALS)

Free volume properties of virgin HDPE, the copolymers and the coproducts
involving HDPE were studied by using PALS technique. For this purpose, fast-fast
conventional coincidence system has been employed measuring the elapsed time
between the B* emission of Na source, characterized by a 1.274 MeV photon as a
birth signal of positron, and the annihilation gamma emission of 0.511 MeV as a
dead signal.

The **Na source was prepared by depositing and evaporating about 20uCi of
22NaCl aqueous sandwiched between two pieces of sample with 0.5x0.5 cm? and 1
mm thickness. All lifetime spectra were resolved with the RESOLUTION
(Kirkegaard et al.,, 1981) and PATHFIT (Kirkegaard et al., 1981) programs to
determine lifetimes and intensities with the system resolution. A resolution of the
system was about 528 ps (FWHM) and 5 million counts were collected in each
lifetime spectrum and output files of all products were given in Appendices. The

measurements were carried out at room temperature.

The lifetimes of positrons for virgin HDPE, the copolymers and the
coproducts were measured and all lifetime spectra were analyzed into three lifetime
components. The shortest-lived component, z; with an intensity I;, associated with
the annihilation of para-positronium (p-Ps), the intermediate-lived component, =
with an intensity I, attributed to the direct annihilation of positrons, and the longest-
lived component as ortho-positronium (o0-Ps), 73 with an intensity I3, associated with
pick off annihilation, were obtained from the lifetime spectra. These analyzed
parameters were calculated using 7; fixed at 125 ps, assumed as independent of free

volume.
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4. RESULTS AND DISCUSSIONS

4.1

Characterizations of IPP, HDPE, BPOCPA, BPOCPMA

4.1.1 FTIR and DSC Characterization of IPP

FTIR spectrum of isotactic polypropylene (IPP) was given in Figure 4.1. The

spectrum indicated the absorption bands of stretching vibrations of CH3 group at
2953 and 2870 cm™ and those of CH, group at 2922 and 2839 cm™, The absorption

bands due to bending vibrations of the groups were observed at 1377 and 1460 cm™,

respectively.
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The crystalline melting temperature of IPP was 164.06°C on record by DSC

with heating rate of 10°C/min in nitrogen atmosphere, Figure 4.2.
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Figure 4.2. DSC thermogram of IPP

4.1.2 FTIR and DSC Characterization of HDPE

FTIR spectrum of high density polyethylene (HDPE), Figure 4.3, indicated
the absorption bands of stretching vibrations of CH, group at 2918 and 2848 cm™,
and the bands at 1558 and 1469 cm™ due to the bending vibrations of the group. The

band observed at 721 cm™ was assigned to C-C bending vibrations.

The crystalline melting temperature of HDPE was found 130.22°C by DSC
with heating rate of 10°C/min in N, atmosphere, Figure 4.4.

45



%T 1

~ ()
[ o
| |
418,5;

1558,54

30

=
a1

721,40—

(@)
2918,40~
2848,96-~

1469,81-

N
(6)]

1400 1000 800 600 40
1/cm

4000 3200 2400 1800

Figure 4.3. FTIR spectrum of HDPE

DSC
mwW

0.00-

-5.0C

-10.00

-15.00-

100.00 200.00 300.00
Temg [C]

Figure 4.4. DSC thermogram of HDPE

46



4.1.3 FTIR, 'H-NMR and DSC Characterization of BPOCPA

FTIR spectrum of BPOCPA, Figure 4.5, indicated C=0 stretching vibrations
of ester groups at 1741 and 1734 cm™. The strong band at 1649 cm™ was assigned to
C=0 stretching vibration of the benzophenone group. The aromatic C=C stretching
vibrations were observed at 1599 and 1504 cm™. The strong bands at 1205 and 1276
cm™ were assigned to ester C-O-C stretching vibrations. The bands between 1000
and 1200 cm™ were attributed to monosubstituted aromatic C-H bending vibrations.
The bands between 974 and 927 cm™ are corresponding to vinylic C-H out-of-plane
bending vibrations.
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Figure 4.5. FTIR spectrum of BPOCPA

The schematic representation of BPOCPA was given in scheme 1 with proton
assignments, and *H-NMR spectrum of the molecule was presented in Figure 4.6.
The spectrum indicated a doublet at d 6.1 and a quartet at & 6.45 corresponding to Hy
and H, protons of the vinylic group. The doublet observed at 6 6.6 is due to Ha-Hc
trans coupling of the group. The doublets at & 7.45, 7.50, 7.76, 7.86 and 8.21 are
corresponding to Hq, Hr, He, Hg, Hn protons and are due to single O-coupling of the

CsHas-groups. The triplets at & 7.57 and 7.68 are assigned to H;j and H;protons.
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Scheme 1. Schematic representation of BPOCPA with proton assignments
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Figure 4.6. H-NMR spectrum of BPOCPA

Melting temperature of BPOCPA was 130.56°C, determined by DSC with

heating rate of 10°C/min in N, atmosphere, Figure 4.7.
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Figure 4.7. DSC thermogram of BPOCPA

4.1.4 DSC and FTIR Characterization of poly(BPOCPA)

FTIR spectrum of homopolymer poly(BPOCPA), Figure 4.8, showed an
absorption band at 1741 cm™ corresponding to C=O stretching vibrations of the ester
groups. The strong band at 1653 cm™ was due to C=O stretching vibrations of the
benzophenone group. Aromatic C=C stretching vibrations were observed at 1502 and
1597 cm™. The strong bands at 1197 and 1271 cm” were due to esteric C-O-C
stretching vibrations. The bands seen between 1000 and 1200 cm™ were attributed to
monosubstituted aromatic C-H bending vibrations. Some of the bands attributed to
vinylic C-H out-of-plane bending vibrations disappeared in the spectrum of
poly(BPOCPA). This result confirmed the polymerization of BPOCPA through the

vinylic group.
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DSC analysis carried out with a heating rate of 10°C/min in N, atmosphere
exhibited two endotherms, at 198.58°C and 231.08°C, Figure 4.9. The former may be

attributed to liquid crystal-isotropization, in relation to the study reported by Sainath

et al. (Sainath et al., 2000). The latter was assigned to melting of crystalline domains.
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Figure 4.9. DSC thermogram of poly(BPOCPA)
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4.15 FTIR, 'H-NMR and DSC Characterization of BPOCPMA

FTIR spectrum of BPOCPMA, Figure 4.10, showed weak absorption peak at
about 2980 cm™, characteristic C-H stretching vibrations of methyl group. The strong
bands at 1747 and 1736 cm™ were assigned to C=0 stretching vibrations of the ester
groups. The absorption bands due to C=C stretching vibrations of aromatic groups
were observed at 1597 and 1504 cm™. The bands recorded at 1259 and 1198 cm™
were attributed to C-O-C stretching vibrations. The moderate bands between 941,
925 and 893 cm™ were corresponding to the vinylic C-H out of plane bending

vibrations.
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Figure 4.10. FTIR spectrum of BPOCPMA

The schematic structure of BPOCPMA was shown in scheme 2 with proton
assignments, and *H-NMR spectrum of the molecule was presented in Figure 4.11.
The singlets at 6 5.97 and 6.35 are attributed to Hy, and H. protons of the vinylic
group and one quartet at & 2.04 is corresponding to Ha. The doublets observed at &
7.45, 7.78, 7.53, 7.88 and 8.25 are Hg, He, Hr, Hg, Hh protons. The triplets at § 7.61
and 7.73 are due to H; and H; protons.
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Scheme 2. Schematic representation of BPOCPMA with proton assignments
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Figure 4.11. H-NMR spectrum of BPOCPMA

DSC melting point of BPOCPMA was 130.13°C, determined with heating
rate of 10°C/min in N, atmosphere, Figure 4.12.
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Figure 4.12. DSC thermogram of BPOCPMA

4.1.6 DSC and FTIR Characterization of poly(BPOCPMA)

FTIR spectrum of the homopolymer poly(BPOCPMA), Figure 4.13,
displayed a strong band at 1741 cm™ due to C=0O stretching vibrations of the ester
groups. The absorption band ascribed to C=0 stretching vibrations of benzophenone
group was observed at 1657 cm™. The absorption bands due to C=C stretching
vibrations of aromatic groups were recorded at 1599 and 1502 cm™. The bands at
1263 and 1199 cm™ were attributed to C-O-C stretching vibrations. Some of the
bands observed in the spectrum of the monomer BPOCPMA due to vinylic C-H out-
of-plane bending vibrations between 950 and 800 disappeared in the spectrum of

poly(BPOCPMA). This result verified the polymerization of BPOCPMA through the
vinylic group.

An amorphous character was observed in the DSC analysis of the
homopolymer poly(BPOCPMA) carried out with 10°C/min in N, atmosphere, Figure
4.14. Although it was reported to melt at 121°C (Sainath et al., 2000), there was not

any heat flow indicating any endothermic or exothermic behavior in the studied
temperature range.
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4.2  Graft Copolymerization of BPOCPMA onto HDPE

Thermally initiated graft copolymerization of BPOCPMA onto HDPE was
studied at 140°C, the temperature greater than melting point of both HDPE and
BPOCPMA (Both are melting at about 130°C) for 40 minutes. Variation of grafting
with the mixing ratio of the monomer and HDPE in the reaction mixtures was
investigated with six different monomer/HDPE ratios. The content of
poly(BPOCPMA) in the products as graft units in the copolymers, and as both the
graft units and the homopolymer molecules in the coproducts was determined
gravimetrically. The percentage of poly(BPOCPMA) in the products of both classes,
and percent grafting were presented in Table 4.1, and the variation of
poly(BPOCPMA) content with monomer percentage in the reaction mixture were
drawn in Figure 4.15. The content of the products consistently increased with the
percentage of BPOCPMA in the reaction mixture. 21.0% poly(BPOCPMA) was
obtained with 40% BPOCPMA in the copolymers. The percent grafting, on the other
hand, reached to the maximum value 75.3% at 15% BPOCPMA, which was followed
by a dramatic decrease to 49.1% grafting at 40% BPOCPMA, Figure 4.16. By
considering the results, it can be stated that the grafting took place via the radicals
forming on HDPE chains rather than the reactions between propagating
poly(BPOCPMA) radicals and HDPE chains, presumably due to steric hindrance.
Consistently, at lower monomer thus initiator (2% of weight of BPOCPMA)
concentrations radicals presumably formed on HDPE chains in the majority due to
the high probability of direct reactions between HDPE chains and the radicals of the
initiator. Thus, high percentages of grafting, with the maximum 75.3% at 15%
BPOCPMA, were obtained. The rise in the extent of grafting with the BPOCPMA
percentage presumably resulted from the propagation of poly(BPOCPMA) units
grafted onto HDPE chains, leading to high content of grafted poly(BPOCPMA).
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Table 4.1. The dependence of poly(BPOCPMA) content in the products on
the BPOCPMA percentage in the reaction mixture

% BPOCPMA in reaction mixture 5% 10% 15% 20% 30%  40%

% Poly(BPOCPMA) in the copolymers 38 6.7 10.7 11.8 186 210

% Poly(BPOCPMA) in the coproducts 38 73 127 19.2 251 267

0 .
% Grafting 694 695 753 645 513 49.1
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Figure 4.15. The variation of poly(BPOCPMA) content in the products with
BPOCPMA percentage in the reaction mixture
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Figure 4.16. The variation of percent grafting of poly(BPOCPMA) with the
percentage of BPOCPMA in reaction mixture

4.2.1 FTIR Characterization of the Products

FTIR spectra of the copolymers involving 6.7% and 21.0%
poly(BPOCPMA), Figure 4.17, and of the coproducts with 7.3% and 26.7%
poly(BPOCPMA), Figure 4.18, displayed strong bands between 1743 cm™ and 1740
cm™ owing to C=0 stretching vibrations of the ester groups of poly(BPOCPMA)
units. The absorption bands observed between 1662 cm™ and 1653 cm™ were
attributed to C=0 stretching vibrations of the benzophenone group. The bands seen
at 1265-1263 and 1201 cm™ were corresponding to C-O-C ester stretching vibrations.
The strong bands at 2918 and 2848 cm™ were assigned to CH, stretching vibrations
of HDPE chains. The bands at 1469 cm™ and 717 cm™ were due to the CH, and C-C
bending vibrations, respectively. The increase in the content of poly(BPOCPMA) in
the products led to stronger bands at 1743-1739, 1665-1654, 1265-1263, and 1201

cm, the characteristic bands of the graft unit.
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4.2.2 DSC and XRD Characterization of the Products

The effect of the graft copolymerization of BPOCPMA onto HDPE on the
thermal behavior of the products was comprehensively investigated by DSC. Any
endotherm attributable to the crystalline melting of poly(BPOCPMA) units was not
detected in the thermograms of the products as neither was for poly(BPOCPMA)
homopolymer, Figure 4.19, although the polymer was announced to melt at 121°C
(Sainath et al., 2000). On the other hand, significant and comparable increases were
recorded in the melting temperature of HDPE in both classes of the products, Figure
4.20 and Table 2 and 3. They were, however, more consistent with the graft content
in the copolymers, while more scattering and irregular melting temperatures were
seen in the coproducts, that is, when the copolymers contained the homopolymer
molecules. The highest values, 134.07°C and 134.51°C were detected in both classes
with similar contents, with 11.8% poly(BPOCPMA) in the copolymers and with
12.7% content in the coproducts, respectively. The temperatures then had a
decreasing trend at higher percentages. In order to unfold the effect of the graft
copolymerization on the thermal behavior of the material, a HDPE sample and a
mixture of HDPE and DCP (2% with respect to weight of PE) were annealed at
140°C for 1 hour in vacuum, as in graft copolymerization experiments. The melting
temperatures of both samples were observed to remain almost unchanged at about
130°C (the same as virgin PE).

The crystallinity in HDPE matrix of the products decreased initially with the
content of poly(BPOCPMA), Figure 4.21, and diminished to 43.8% crystallinity with
10.7% poly(BPOCPMA). The grafted poly(BPOCPMA) units at low percentages
probably had an hindering effect in the arrangement of HDPE chains in crystalline
domains. The crystallinity then increased with the content, but to the values
comparable with pure HDPE. The polar interactions between the side groups of
grafted poly(BPOCPMA) units, becoming more effective as the content increases,

presumably led to the further growths in the crystallinities.
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Figure 4.19. The DSC thermograms, of HDPE sample processed with 2%
DCP (130.69°C), of the coproducts with 12.7%
poly(BPOCPMA) (134.51°C), 25.1% poly(BPOCPMA)
(130.81°C) and of the copolymers with 6.7%
poly(BPOCPMA) (133.00°C), 21%  poly(BPOCPMA)
(130.26°C)

Table 4.2. DSC results with poly(BPOCPMA) percentages in the copolymers
(The crystalline melting temperatures, Tm, enthalpy of fusions,
AHp, and the percent crystallinities, X; (%))

Sample Tm (°C) AHp, (J/9) X (%0)

Neat HDPE 130.22 203.029 70.010

3.8% poly(BPOCPMA) 132.25 134.606 46.416
6.7% poly(BPOCPMA) 133.00 142.120 49.007
10.7% poly(BPOCPMA) 133.82 126.930 43.769
11.8% poly(BPOCPMA) 134.07 132.121 45.559
18.6% poly(BPOCPMA) 131.00 129.830 44.769
21.0% poly(BPOCPMA) 130.26 161.579 55.717
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Table 4.3. DSC results with poly(BPOCPMA) percentages in the coproducts
(The crystalline melting temperatures, Tn, enthalpy of fusions,
AHp, and the percent crystallinities, X; (%))

Sample Tm (°C) AH, (3/9) X (%0)
Neat HDPE 130.22 203.029 70.010
3.8% poly(BPOCPMA) 131.58 191.620 66.076
7.3% poly(BPOCPMA) 132.37 143.356 49.433
12.7% poly(BPOCPMA) 134.51 143.521 49.490
19.2% poly(BPOCPMA) 132.88 173.269 59.748
25.1% poly(BPOCPMA) 130.81 166.404 57.036
26.7% poly(BPOCPMA) 130.71 138.716 47.833
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Figure 4.20. The variation of HDPE melting temperature with
poly(BPOCPMA) content in the products
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Figure 4.21. The variation of crystallinity in HDPE matrix with
poly(BPOCPMA) content in the products

In order to bring out the effect of the graft copolymerization on the
microstructural properties of the HDPE matrix, the products were also analyzed by
XRD. The crystal parameters were calculated on the basis of a least square method
using (hkl) planes and d values. The unit cell size of crystal domains of the products

was estimated from the XRD patterns by using the formula;
d=0.941 A/ B cosbg

where d is the crystal thickness, A denotes the wavelength of the XRD source, B is
the full width at half maximum (FWHM) of the Bragg peak, and 0B is the Bragg

angle. Here, B is defined as;
B2= Bmz_ Bsz

where Bs shows the half width of the standard material and By, is the sign of the

difference between the angles at FWHM of the peak.

The crystalline lattice behavior of pure HDPE with Braggle’s angle (260)
varying from 10° to 60° can be seen in Figure 4.22 from the X-ray diffraction pattern.
In Figure 4.22, pure polyethylene showed two characteristic peaks at 20=21.5° and
20=23.9°, which are assigned to the 110 and 200 reflections of the Bunn
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orthorhombic subcell. These values agree well with the values reported as 21.3° and

23.5¢ for polyethylene by Josie et al (Joshi et al., 2006).
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Figure 4.22. The XRD pattern of pure HDPE

The XRD analyses showed that the microstructure, the crystalline
characteristic of HDPE matrix of the products has been conserved throughout the
graft copolymerizations. This was revealed by the patterns typical of orthorhombic
polyethylenes, indicating the crystalline packing of HDPE chains merely in
orthorhombic unit cell as seen in Figure 4.23. The lateral dimensions of the unit cell,
however, were found to be considerably affected by poly(BPOCPMA) content.
Significant increases in the unit cell parameters were observed in both classes of the
products. The dependence of the unit cell parameters and ab basal area on the content
of poly(BPOCPMA) in the products were given in Table 4.4 and 4.5 in detail, and

their variations were drawn in Figure 4.24.a, b, c and d.
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Figure 4.23. The XRD patterns of some copolymers (with 6.7, 11.8 and
21.0% poly(BPOCPMA)) and coproducts (with 3.8, 12.7,
25.1% poly(BPOCPMA))

Table 4.4. The dependence of the unit cell parameters a, b and c, and crystal
size in HDPE matrix on poly(BPOCPMA) content in copolymers

Sample a(Ad) b (A) c(A) Crystallite size

(nm)

Neat HDPE 7.34 4,91 2.54 16.40

3.8% poly(BPOCPMA) 7.36 4.91 2.55 17.08
6.7% poly(BPOCPMA) 7.36 4.91 2.55 18.21
10.7% poly(BPOCPMA)  7.36 4.91 255 20.33
11.8% poly(BPOCPMA)  7.38 4.92 255 21.37
18.6% poly(BPOCPMA)  7.38 4.92 255 21.43
21.0% poly(BPOCPMA)  7.38 4.92 255 22.65
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Table 4.5. The dependence of the unit cell parameters a, b and c, and crystal
size in HDPE matrix on poly(BPOCPMA) content in coproduct

Sample a (A) b (A) c(A) Crystallite

size (nm)
Neat HDPE 7.34 491 2.54 16.40
3.8% poly(BPOCPMA) 7.38 4.92 2.55 21.50
7.3% poly(BPOCPMA) 7.39 4.93 2.55 23.15
12.7% poly(BPOCPMA) 7.39 4.93 2.55 23.86
19.2% poly(BPOCPMA) 7.39 4.93 2.55 23.51
25.1% poly(BPOCPMA) 7.40 4.95 2.55 28.67
26.7% poly(BPOCPMA) 7.40 4.94 2.55 24.11

The increase in the parameter a was expressively stepwise in the copolymers,
Figure 4.24.a. About 0.27% increase was seen with graft content in the range of 3.8-
10.7%, while the expansions concentrated around 0.54% increase, twice the former
rise, in the interval of 11.8-21.0%. The parameter b, on the other hand, after a
stationary value in the initial graft percentages, 3.8-10.7%, identical to that of virgin
HDPE, had a 0.20% enlargement throughout the content of 11.8-21.0%, Figure
4.24.h. The expansions in the unit cell dimensions were also evidently revealed from
the shifts of the reflections toward left in the patterns, Figure 4.23. The HDPE chains
in the unit cells were probably forced apart laterally by the polar graft units, thus
giving rise to expansions in the lateral dimensions. Seemingly, this effect was more
prominent in the dimension a. The similar commentaries were announced for the
expanded unit cells of oriented (Howard et al., 1989) and branched polyethylene, in
relation to the type, distribution and content of the branches (Baker et al., 2001a;
Baker et al., 2001b). In these reports, the expansions were explained on the basis of
the included branches in the crystalline regions compelling the chains to laterally
enlarged unit cell dimensions. Additionally, the possibility of branch rejection was
also announced for the structural changes (Baker and Windle, 2001b). Apparently, at
initial percentages of about 3.8% poly(BPOCPMA), the graft units were effective
enough to led to 0.27% increase in dimension a by a force exerted laterally on the

HDPE chains by the units. Further inclusion of the graft units until about 10.7%,
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however, did not contribute to the expansion, and the parameter a remained almost
unchanged. A further increase in the content than 10.7% until 21.0%
poly(BPOCPMA) resulted in another 0.27% enlargement with 0.54% expansion
overall. The spatial arrangement and orientation of the graft units in the products and
their relative effects in coercing HDPE chains apart laterally are believed to result in
the dissimilar enlargement behavior in the parameters and the stepwise behavior in
the former parameter. On the other hand, the ¢ parameter, the unit cell axis parallel
with the chain axis of HDPE molecular segments (Peacock, 2000) was found to
increase by about 0.39%, identically in all products, Figure 4.24.c. The lateral
expansions in a and b dimensions and the corresponding widenings in the ab basal
area, Figure 4.24.d, have presumably resulted in the identical extension in the ¢ axis
parallel with HDPE chains.

In the coproducts, the inclusion of the homopolymer poly(BPOCPMA)
molecules besides those present as grafted units gave rise to further expansions in the
unit cell dimensions of a and b, and the relative enlargements in ab basal area. The
dependence of the parameters and the basal area on the content of poly(BPOCPMA)
were also depicted in Figure 24.a, b, ¢ and d. The initial increase in the parameter a
with the content was followed by a stationary value, almost 0.68% greater compared
to virgin HDPE and abiding along with the percentages 7.3-19.2%. The parameter
then proceeded with further rise with the content and reached an 0.81% enlarged
dimension in the inclusion of 25.1-26.7% poly(BPOCPMA), Figure 24.a. The similar
trend was also observed in the parameter b which stayed almost constant but at the
level with 0.41% enlargement throughout the percentages of 7.3-19.2%. This
stationary behavior was then accompanied with further expansion with the content,
and about 0.81% expanded b parameter was seen with 25.1% poly(BPOCPMA),
Figure 24.b. These results, the additional expansions in lateral dimensions of the unit
cell with the inclusion of the homopolymer in the coproducts were found to be
explained by the strong interactions between the polar groups of grafted and
ungrafted poly(BPOCPMA) molecules. The adhesive forces between the polar
groups of the grafted units and the homopolymer molecules had presumably an
additional effect, as mentioned above, in enlargements of the lateral dimensions. On
the other hand, the same expansion, 0.39%, was recorded in the parameter c in all

coproducts, as identically observed in the copolymers, Figure 24.c. The additional
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increases in lateral dimensions in the coproducts had no effect on the expansions in

the axis (c) of the unit cells, parallel with the axis of HDPE chains.

7.41
a)
7.38 1
<
©
7.35 1
—n=— copolymers
—e— coproducts
0 10 20 30
% poly(BPOCPMA)
4.96
b)
[ ]
4.94 -
<
o
4.92
—um— copolymers
—e— coproducts
4.90 ‘ ‘ ‘ \

0 10 20 | 30
% poly(BPOCPMA)

Figure 4.24.a and b. The variations of the unit cell parameters a (a) and b (b)
with poly(BPOCPMA) content, calculated from the X-ray
diffraction patterns (using the reflections (110), (200) and
(212)).
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Figure 4.24.c and d. The variations of the unit cell parameters c (c), and the

unit cell basal area ab (d) with poly(BPOCPMA) content,

calculated from the X-ray diffraction patterns (using the
reflections (110), (200) and (211))

The consistent increases in the melting temperature of HDPE in both classes
of the products with the content up to about 12%, Figure 4.20, are believed to result
from the advances in the ordered packing of HDPE chains in the crystallites due to
the constitution of side chain LCP poly(BPOCPMA) molecules as graft units.
Poly(BPOCPMA) chains with mesogenic side groups were reported to exhibit glassy
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nematic arrangement (Sainath et al., 2000). With the potential of forming such
regularly organized structure, poly(BPOCPMA) molecules present as graft units in
the products might have dynamically conduced to a better ordering and orientation of
HDPE chains during crystallizations. Furthermore, the glassy nematic structured
poly(BPOCPMA) units (Sainath et al., 2000) might also have acted as nucleating
agents, and thus led to more ordered arrangement and packing of the chains in the
crystalline regions. Because, a better array and promoted arrangement can be
potentially expected in the crystal when it originates from a center with a more
ordered structure. Moreover, the HDPE chains with greater mobility in the larger ab
basal area of the unit cells might have further assistance in their advanced orderings
and alignments. These advances in the microstructures thus resulted in the increased
melting temperatures from about 130°C to the maximum values around 134°C
achieved at about 12% poly(BPOCPMA) in both classes of the products. The
decrease trend in the melting points at further contents, however, can be explained by
a relative loss in the promoted ordering of the chains. That is, the graft units at higher
percentages than a significant value, 12-13%, might have started to lose their
assisting function in the ordered and oriented packing of the HDPE chains, probably
owing to large occupations by the units in between them and to relatively strong
interactions between the polar groups of the units. This restrain can be conditionally
expected to be more effective and prominent with the increase of the content. The
outcome was eventually observed as the decrease trend in the melting temperatures

after the maximum values.

The similar trend seen in the expansions of the lateral dimensions and thus of
ab basal area was also observed in the variation of the particle size (HDPE crystals)
with the content of poly(BPOCPMA) in both classes of the products, Figure 4.25. In
a similar manner recorded in the basal areas, crystal size initially increased with the
content in both classes. The increases were followed by a stationary behavior with
41-43% expanded size in the coproducts with the content of 7.3-19.2%, and with
about 30% enlargement in the copolymers with the inclusion of 11.8-18.6%. The
sizes then had further rise with the percentage content. The similarity observed
between the content dependence of the ab basal area and the particle size revealed
that as the basal area of the unit cells got enlarged, the size of the crystals increased.

This was found to be simply explained by further growth of the crystals on a larger
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basal area of the unit cells. That is, the expansions in the lateral dimensions of the
unit cells have seemingly resulted in the extended growth of the crystals with the
dimensional  enlargements.  Moreover, the glassy nematic structured
poly(BPOCPMA) units (Howard and Crist, 1989) acting as nucleating agents during
crystallizations might have additionally contributed to the promoted growth of the
crystals. Because, it can be rationally expected that the growth of the crystals
propagates to larger sizes when it originates from more ordered structures.
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Figure 4.25. The variation of crystal size (grain size) with poly(BPOCPMA)
content

4.2.3 PALS Analysis of The Products

Many chemical and physical properties of polymers depend on their free
volume. The material properties such as viscosity, permeability, mobility, structure
relaxation, physical aging and molecular transport etc are all affected by free volume
(Yand Y, 2011). Therefore, HDPE and the products were also analyzed by Positron
Annihilation Lifetime Spectroscopy in Marmara Positronium Laboratory (MARPOS)
in Physics Department at Marmara University in order to unfold the effect of the
graft copolymerization on the free volume properties of the HDPE matrix and the

products.
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The lifetimes of positrons for neat HDPE, the copolymers and the coproducts
were measured and all the lifetime spectra were analyzed into three lifetime
components. The shortest-lived component, z; with an intensity I, associated with
the annihilation of para-positronium (p-Ps), the intermediate-lived component, =,
with an intensity I, attributed to the direct annihilation of positrons, and the longest-
lived component as ortho-positronium (0-Ps), 73 with an intensity I3, associated with
pick off annihilation, were obtained from the lifetime spectra. These analyzed
parameters were calculated using t; fixed at 125 ps, assumed as independent of free

volume.

In the free volume model, =3 is related to the free volume hole radius, R (free
volume radius, R), whilst I3 is related to the number of holes. Thus, the volume of a
hole increases with increasing 73 and the number of holes increases with increasing
intensity, Is (Mostafa et al., 2009).

The free volume hole radius (R) may be calculated by using o-Ps lifetime (t5)

and by the semi-empirical approximation given by (Eldrup et al., 1981) with the

assumption of the holes being spherical:

1

1 R 1 . 2zR

ns)==|1-—+—sin=— 1
z'3( ) 2( R j (1)

where R;=R+06R with 6R=0.1656nm , the thickness of the homogeneous

electron layer that constitutes the wall of the hole (Nakanishi and Jean, 1990). The

free volume hole size (V;) can be calculated by

Vi =2 R ()
and the free volume fraction (f) proposed by Kobayashi et al. can be stated as

f, = ALV, (7;) (3)

where A is a proportionality coefficient; that is taken as 0.0018 (Kobayashi Y et al.,
1989).
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The dependence of the lifetimes and the intensities of the positrons measured
in the analyses, the radii of the free volume hole, the free volume hole size and the
free volume fraction of the copolymers and coproducts calculated by using the
equations 1, 2 and 3 on poly(BPOCPMA) contents were presented in Table 4.6 and
4.7, respectively.

The variation of the intermediate-lived component (z) with
poly(BPOCPMA) content in the products were given in Figure 4.26. It can be stated
that the direct annihilation lifetime of the positrons, the intermediate-lived
component (7), has almost unchanged in the copolymers. It was 0.409 + 0.002 ns,
analogous with pure HDPE throughout the compositions. In the coproducts,
however, an increase was observed in the lifetime at lower poly(BPOCPMA)
contents. 0.421 + 0.002 ns, the maximum lifetime with 2.9% increase with respect to
that of HDPE, was recorded with 3.8% poly(BPOCPMA). The maximum was then
followed by slight decrease trend, consistent with the content. The lowest lifetime,
0.404 + 0.002 ns was recorded with 26.7% poly(BPOCPMA), the highest content

among the coproducts.
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Figure 4.26. The variation of the direct annihilation lifetime of the positrons,
the intermediate-lived component (z) with poly(BPOCPMA)
content in the products
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Table 4.6. The dependence of the lifetimes and the intensities of the positrons, the radii of the free volume hole, the free
volume hole size and the free volume fraction of the copolymers on poly(BPOCPMA) content

Percentage
Content (%) Neat HDPE 3.8 6.7 10.7 11.8 18.6 21
7z (ns) 0.409+0.002 0.410+0.002 0.407+0.002 0.410+0.002 0.407+0.002 0.403+0.002 0.409+0.002
75 (ns) 2.282+0.009 2.296+0.010 2.272+0.010 2.263+0.010 2.239+0.010 2.222+0.010 2.222+0.010
1; (%) 31.19+0.34 27.64+0.35 26.49+0.36 26.02+0.35 24.80+0.36 23.62+0.38 24.30+0.36
1> (%) 45.56+0.30 51.57+0.31 53.50+0.32 54.89+0.32 57.52+0.33 59.41+0.34 60.03+0.33
I; (%) 23.24+0.08 20.79+0.08 20.01+0.08 19.10+0.08 17.68+0.08 16.96+0.07 15.68+0.07
R (A) 3.094+0.006 3.105+0.006 3.085+0.006 3.078+0.006 3.058+0.007 3.043+0.007 3.043+0.007
Uf(‘&s) 124.1+0.7 125.4+0.7 123.0+0.7 122.2+0.8 119.8+0.8 118.1+£0.8 118.1+£0.8
Iy (%) 5.19+0.04 4.69+0.05 4.43+0.04 4.20+0.04 3.81+£0.04 3.61+£0.04 3.33+£0.04




Table 4.7. The dependence of the lifetimes and the intensities of the positrons, the radii of the free volume hole, the free volume
hole size and the free volume fraction of the coproducts on poly(BPOCPMA) content

Percentage

Content (%) Neat HDPE 3.8 7.3 12.7 19.2 25.1 26.7

72 (ns) 0.409+0.002 0.421+0.002 0.418+0.002 0.408+0.002 0.405+0.002 0.406+0.002 0.404+0.002
73 (ns) 2.28+0.01 2.33+0.01 2.33+0.01 2.28+0.010 2.28+0.010 2.27+0.010 2.23+0.011
I1; (%) 31.19+0.34 29.36+0.32 28.68+0.32 26.23+£0.35 25.90+0.35 26.71+£0.35 25.60+0.36
I, (%) 45.56+0.30 50.37+0.28 51.62+0.29 54.98+0.31 55.62+0.32 55.61+0.31 59.28+0.32
I; (%) 23.24+0.08 20.27+0.08 19.70+0.08 18.79+0.08 18.48+0.07 17.68+0.07 15.11+0.07
R (A) 3.094+0.006 3.134+0.006 3.133+0.006 3.090+0.007 3.091+0.007 3.086+0.007 3.049+0.007
U/(As) 124.1+0.7 129.0+0.8 128.8+0.8 123.6+0.8 123.74£0.8 123.0+0.8 118.8+£0.9

fv (%) 5.19+0.04 4.71+0.05 4.57+0.05 4.18+0.04 4.12+0.04 3.92+0.04 3.23+0.04




The ortho-positronium lifetime (z3), the longest-lived component and
associated with pick off annihilation, is proportional to the free volumes in the
materials. The dependence of the lifetimes and the calculated free volume sizes on
the poly(BPOCPMA) contents of the products were presented in Figure 4.27 and
4.28, respectively. The coproducts, in general, had the higher lifetime z; values
relatively comparing to the copolymers at the corresponding poly(BPOCPMA)
contents, Figure 4.27, which shows relatively larger free volumes in the coproducts,
Figure 4.28. The presence of poly(BPOCPMA) homopolymer molecules led to larger
holes in the amorphous region of the coproducts throughout the compositions.
Seemingly, the ungrafted homopolymer molecules played a preventing role from
compact packing of the chains in the matrix of the products. Internally, the lifetime
73 initially increased with the content in the coproducts, Figure 4.27. 2.33 + 0.01 ns
(2.2% raise) was measured at 3.8% and 7.3% poly(BPOCPMA). This increase in the
73 value reveals an about 3.8% enlargement in the free volume with 129.0 + 0.8 A3
value at the corresponding contents, Figure 4.28 and Table 4.7. The neat HDPE has
the hole size of 124.1 + 0.7 A2 at the prevailing conditions. The lifetime z3 then
reduced to a plateau value 2.28 + 0.01 ns recorded within 12.7%-25.1%
poly(BPOCPMA), the same as observed for unprocessed HDPE. Thus the coproduct
samples with those contents have the free volume hole sizes identical to that of pure
HDPE. A further increase in the content gave rise to further decrease in the lifetime
with 2.23 + 0.01 ns at 26.7% poly(BPOCPMA), which demonstrates a moreover
reduction in the free volume, almost 4.3% decrease with 118.8 + 0.9 A® free volume

hole size, with respect to pure HDPE .

In the copolymers, a slight increase in 73 value, 0.6% raise with 2.296 + 0.010
ns at 3.8% poly(BPOCPMA), which illustrates about 1% enlargement in the free
volume size was followed by a gradual reduce as the graft percentage increased,
Figure 4.27. 2.222 + 0.010 ns lifetime, almost 2.6% decrease comparing to
unprocessed HDPE, was measured within 18.6% - 21.0% poly(BPOCPMA)
involving samples. This decrease in the lifetime shows an about 4.8% reduction in
the free volume size with 118.1 + 0.8 A2 at those percentages, Table 4.6. Thus, the
grafting, while leading to relatively smaller increase in the hole size at low
percentage of poly(BPOCPMA) (3.8%), resulted in reduced free volume sizes with

the increased contents, even smaller than that of neat HDPE, Figure 4.28. It seems
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that relatively larger holes were formed in the material at low contents presumably
due to larger openings between the chains brought about by the voluminous side
groups of the poly(BPOCPMA) molecules that compel the chains laterally, thus
prevent close packing. The weak interactions between polar side groups of the graft
units and nonpolar HDPE chains might have an additional effect in reducing the
compact packing. As the content increases, on the other hand, the interactions
between the polar side groups, becoming more effective with content, probably led to
more compact packing of the chains, which resulted in reduced free volumes in the
material. Furthermore, the bulky side groups which give rise to the larger openings
between the chains might have occupied the voids in majority with the increase of
the content, owing to the preferred interactions between the polar groups and to the
weak interactions between the polar units and nonpolar HDPE chains.
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Figure 4.27. The variation of the ortho-positronium lifetime (=) with
poly(BPOCPMA) contents in the products
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Figure 4.28. The variation of the free volume hole sizes (A% with
poly(BPOCPMA) contents in the products

In the free volume model, the intensity I3 is proportional with number of free
volume holes, as mentioned above. The number of holes increases with increasing I3
(Mostafa et al., 2009). The variations of the intensities 13, measured in the studies,
with poly(BPOCPMA) percentage in the products were plotted in Figure 4.29. The
intensities decreased with the percentage in both copolymers and coproducts, more
consistently with the content in the former. At lower contents, up to about 10%,
decrease trend was approximately similar in both classes of the products. At higher
contents, however, the intensity lay about higher in the coproducts compared to
copolymers, accordingly revealing the higher the number of free volume holes in
coproducts. Thus, the poly(BPOCPMA) homopolymer molecules, besides leading to
larger holes in the coproducts by playing a preventing role from compact packing of
the chains, as mentioned above, gave rise additionally to the higher the number of the

holes in the matrix.

The free volume fractions (f) of the products were calculated by using the
equation 3, proposed by Kobayashi et al., (Kobayashi Y et al., 1989) and in which
the free volume hole size and the intensity were evaluated together. The dependences
of the fractions on poly(BPOCPMA) content were presented in Figure 4.30. The

similar decrease trends observed in the intensities were also recorded in the fractions.
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Hence, the grafting, while leading to small enlargements in the size of the free

volumes at relatively lower percentages of poly(BPOCPMA), Figure 4.28, resulted in

dramatic decreases in the free volume fractions with the content, especially in the

copolymers. Presumably, the interactions between the polar side groups, becoming

more effective with the content, probably led to more compact packing of the chains

in the matrix, which results in the reduction of the free volume fraction. The presence

of the homopolymer molecules, however, gave rise to a smaller decrease in the

fraction, assumingly by playing a preventing role in the compact packing of the

grafted HDPE chains in the coproducts.
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Figure 4.29. The variation of the intensity 13 with poly(BPOCPMA) content
in the products
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Figure 4.30. The variation of the free volume fraction with poly(BPOCPMA)
content in the products
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The dependence of the intensities 1; and 1, on poly(BPOCPMA) content in
the products were plotted in Figure 4.31. In both coproducts and copolymers, while
the intensity I; decreased almost linearly with the percentage of poly(BPOCPMA),
the direct annihilation intensity, I, steadily increased with the content.
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Figure 4.31. The variation of intensities I; and I, with poly(BPOCPMA)
content in the products

Several factors such as crystallinity of polymers, positron mobility and
chemical functional groups affect Ps formation in the materials. Carbonyl groups
were reported to be the most efficient electron scavenger and Ps inhibitor among the
functional groups in organic materials (Abbe et al., 1981); (Duplatre et al., 1985).
The positively charged positrons reside and decay in low electron density region
(Djourelov et al., 2003). In the products, the poly(BPOCPMA) graft units bear three
carbonyl groups per each repeating unit (on the side groups) along the chains. Thus
the increases in the poly(BPOCPMA) content in the products might have brought
about lowering in electron density due to the electron scavenging role of the carbonyl
groups. This effect might potentially lead to the higher direct annihilation thus to the
increases in the intensity I, and the decreases in the intensity I; which arises from

annihilation of para-positronium.
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4.2.4 Mechanical Properties of HDPE Copolymers and Coproducts

The effect of poly(BPOCPMA), a side chain liquid crystalline polymer
existing as grafted units in the copolymers and as both grafted and homopolymer
molecules in the coproducts, on the mechanical behavior of the material was studied
by analyzing the stress-strain and impact behavior of the products. The test samples
in dumb-bell shape were prepared by micro-injection molding at 220°C. The
processing was optimized at this fairly high temperature, comparing to the melting
point of HDPE, due to high viscosity, that is the difficulties in flow behavior of the
melts at lower temperatures. Poly(BPOCPMA) with rigid and polar side groups
might have caused to a restriction in chain mobility in the products, leading to an
increase in the viscosity of the melts during processing. Notwithstanding, the
temperature is well below the starting point of decomposition (245-250°) (Sainath et
al., 2000). On the other hand, remarkable improvements were achieved in the
mechanical properties of the products, particularly, in ultimate tensile strength and
modulus. But, percent elongation and yield stress were lost at high contents of

poly(BPOCPMA), and brittleness dominated in the mechanical characters.

Typical stress-strain curves of the products from each class and of pure
HDPE were illustrated in Figure 4.32.a and b. The extensive cold drawing observed
in pure HDPE was not recorded in any of the products even at low contents of the
graft units. At low percentages, the samples from both classes failed during strain
softening. They exhibited ductile failure with neck formation. The presence of the
homopolymer poly(BPOCPMA) molecules in the coproducts, however, has resulted
in relatively longer elongations in the softening prior to failure. Apparently, while
being observed roughly between 15% and 34% strain in the copolymers, the
elongations were seen between about 15% and 46% strain in the coproducts. As
mentioned above in the PALS analysis, the homopolymer molecules in the
coproducts, besides leading to larger holes in the coproducts, gave rise additionally
to the higher the number of the holes in the matrix. It seems that the larger free
volumes and their greater fraction conduced to further flow of the molecules in the
softening and thus to relatively extensive drawing to longer elongations in the tensile
direction. A reduction in resistive frictional force in sliding of the molecules and thus

a much easier slip of the chains over each other in the material, when the free holes
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between them are larger and their fraction is greater, might account for the observed
longer strains in the coproducts. In addition, the larger the free volume, the higher the
conformational freedom the molecules have. This freedom might have assisted the
chains in taking the required conformations to slide over each other, which resulted
in the longer elongations in the tests. The longer elongations were also perceived as
wide extensions in the fractographs of the coproduct samples. Some small extensions
persisted even at high contents, recorded in SEM analysis of the fracture surfaces. At
relatively higher percentages with respect to the extent of grafting results, on the
other hand, brittle nature started to prevail in the behaviors. The samples involving
about 18% poly(BPOCPMA) in the copolymers and 25% poly(BPOCPMA) in the
coproducts failed at the beginning of plastic deformation, just before or at the yield
point. At further respective contents, the products then exhibited brittle fracture in
the tests. The ductility and brittleness in the samples were also revealed in SEM
images. Conclusively, the material revealed a gradual transition from a viscoelastic
behavior to a brittle nature with increasing graft content. Seemingly, for this
changeover the contributions from two factors might be accounted. As revealed in
PALS analysis, the grafting, while leading to small enlargements in the free volume
sizes at relatively lower percentages of poly(BPOCPMA), Figure 4.28, resulted in
dramatic decreases in the fractions of the volume with the content, especially in the
copolymers. Mainly, the probable losses and restrictions in chain mobility, brought
about by the decreases in the hole sizes and the fractions have presumably resulted in
the brittleness in the samples in the tests. Furthermore, the rigid character of
poly(BPOCPMA) molecules at room temperature [with T4 value of 72°C (Sainath et
al., 2000)] stemming from its voluminous and rigid side groups with polar nature and
thus restricting the plasticity behavior in the products have additionally led to the

brittle character in the samples.
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Figure 4.32. Stress-strain curves of, a) the graft copolymers with 3.8, 6.7,
10.7, 11.8, 18.6 and 21.1% poly(BPOCPMA) and b) HDPE and
of the coproducts with 3.8, 7.3, 12.7, 19.2, 25.1 and 26.7%
poly(BPOCPMA)

The results of the tensile strength measurements of the products were
presented in Table 4.8 and 4.9, and drawn in Figure 4.33 and 4.34. The percentage
decrease or increase in tensile strength and modulus in tables were given with respect
to neat HDPE.

The strength increased initially with poly(BPOCPMA) content in both
classes, but, with a better improvement in the copolymers. The maxima, 36.3 MPa
(93% improvement compared to pure HDPE) and 31.8 MPa (69% improvement)
were achieved with 11.8% poly(BPOCPMA) in the copolymers, and with 19.2%
content in the coproducts, respectively. They were then followed by a slow decrease
in the former and a relatively severe decline in the latter, Figure 4.33. Almost
identical trends were also recorded in Young’s modulus, determined on the same
samples during the tests. 514 MPa (42% rise) and 479 MPa (32% rise) maximum
values were noted at the same respective percentages at which the strength maxima
were observed, Figure 4.34. In fact, the maxima in both copolymers and coproducts
were achieved with about the same grafted contents. Because, the coproduct
containing 19.2% poly(BPOCPMA), at which the maximum were seen, involves
about 12% content as grafted units, and hence 7% as homopolymer molecules. The
green dotted lines in Figure 4.33 and 4.34 show the variations drawn in this regard,
that is, they were depicted by considering only the grafted poly(BPOCPMA)

percentage in the coproducts.
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Table 4.8. Ultimate tensile strength and Young’s modulus of the copolymers
with poly(BPOCPMA) content

Specimen Ultimate Strength (MPa) Young’s Modulus (MPa)
Neat HDPE 18.78 362
3.8% poly(BPOCPMA) 24.69 387
(+31.47%) (+6.76%)
6.7% poly(BPOCPMA) 26.27 433
(+39.88%) (+19.58%)
10.7% poly(BPOCPMA) 29.39 471
(+56.50%) (+30.12%)
11.8% poly(BPOCPMA) 36.30 514
(+93.29%) (+41.99%)
18.6% poly(BPOCPMA) 33.56 455
(+78.65%) (+25.79%)
21.0% poly(BPOCPMA) 32.99 436
(+75.67%) (+20.50%)

Table 4.9. Ultimate tensile strength and Young’s modulus of the coproducts
with poly(BPOCPMA) content

Specimen Ultimate Strength (MPa) Young’s Modulus (MPa)
Neat HDPE 18.78 362
3.8% poly(BPOCPMA) 20.65 371
(+9.96%) (+2.34%)
7.3% poly(BPOCPMA) 21.22 369
(+12.99%) (+1.99%)
12.7% poly(BPOCPMA) 21.65 373
(+15.28%) (+2.97%)
19.2% poly(BPOCPMA) 31.77 479
(+69.17%) (+32.39%)
25.1% poly(BPOCPMA) 19.28 402
(+2.66%) (+10.94%)
26.7% poly(BPOCPMA) 10.69 260
(-43.08%) (-28.27%)
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Figure 4.34. The variation of Young’s modulus of the products with
poly(BPOCPMA) content

Generally, mechanical property of a pure polymer and its free volume are
dependent on the crystallinity (hard or soft segments) of the polymer, molecular
entanglements, the existing dipole—dipole interactions and hydrogen bonding. Some

other factors such as the restricted mobility of the polymer chains, crosslink density,
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interfacial interaction, and glass transition also play role (Ponnamma et al., 2015). In
a variety of polymer blend or composite studies, the free volume size (hole size) and
the free volume fraction were announced to be anti-correlated with the modulus and
the tensile strength; that is, the higher the free volume resulted in the lower the
tensile strength and the modulus. The correlation between free volume and
mechanical properties in natural rubber/multiwalled carbon nanotube composites was
investigated by Ponnamma et al. At higher multiwalled carbon nanotube contents,
the hindered interaction between the filler and the rubber matrix was reported to lead
to higher free volume holes and low tensile strength (Ponnamma et al., 2015). El-
Nashar et al. (EI-Nashar et al., 2009) studied the relation between the macroscopic
properties and the microstructure free-volume properties of acrylonitrile butadiene
rubber, ethylene propylene diene rubber, and their blends by using Na bentonite, Ca
bentonite and kaolin as fillers. It was declared that the reduction in the size and the
fraction of free volume resulted in an improvement in the mechanical properties of
the rubber. This behavior was explained by better homogenization introduced in the
rubber on addition of fillers, which showed better mechanical and electrical
properties. The reduction in the free volume size was attributed to the decrease in
chain mobility on the filler surface in the presence of nanosized filler, since it was
associated with the macromolecule mobility. The reduction in free volume in styrene
butadiene rubber/montmorillonite composites, on the other hand, was reported to be
correlated with enhanced interfacial interaction by Wang et al. (Wang YQ et al.,
2004). Gomaa et al. studied the relation between free volume parameters such as t3
and I3 and physical properties of polyethylene-nitrile rubber blend. The increase in
tensile strength and hardness was found to be oppositely correlated with free volume
parameters with the addition of nitrile rubber resulting in lower 3 and I3 (Gomaa et
al., 2003).

It seems that the mechanical behaviors of the products were largely governed
by their free volume properties. Firstly, superior tensile behaviors were recorded in
the products that have lower free volume size and fraction, that is, in copolymers
comparing to coproducts, even in the case when the products have similar contents of
poly(BPOCPMA). Moreover, a strong relation was observed between the free
volume fraction and the tensile properties of the copolymers. The improvements in

the tensile behaviors were firmly accompained with the reductions in the free volume
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fraction. Especially, it is very striking that, when the content increased from 10.7% to
11.8% poly(BPOCPMA) in the copolymers, the sharp increase in the tensile strength
(from 29.9 MPa to 36.30 MPa) and the modulus (from 471 MPa to 514 MPa) were
accompanied with the abrupt drop in the free volume fraction (from 4.20% to
3.81%), Table 4.6 and 4.8. At relatively high contents of poly(BPOCPMA), that are
above about 12% in copolymers and about 19% in coproducts, however, the strength
and modulus decreased with the reduction in the free volume fraction. A conceivable
explanation for the observed free volume dependency of the mechanical behaviors
lies on the assumptions that the resistive frictional force in sliding of the molecules
over each other will be lower when the free holes between them are larger and their
fractions are greater. Thus, a much easier slip of the chains would customarily be
expected in the material. In addition, the larger the free volume, the higher the
conformational freedom the molecules have. This freedom might have assisted the
chains in taking the required conformations to slide over each other with less effort.
Consequently, an increase in the resistive frictional force between the molecules and
a lower conformational freedom arising from the decrease in size and fraction of the
free holes, might have made the chains more resistive in sliding over each other. This
effect, thus, might have made the material superiorly withstanding under load and
more resistive against deformation. A remarkable support to this commentary was
received in strain behaviors in the tensile tests. As mentioned above, longer strains
were accompanied with greater free volume fraction. That is, the greater size and
fraction in the free holes conduced to further flow of the molecules in the softening

and thus to further elongations in the tensile direction.

In the improvements of the tensile behaviors mentioned above, the
developments in the alignment and orientation of HDPE chains due to the
constitution of side chain LCP poly(BPOCPMA) molecules as graft units might also
play role. As discussed in the interpretation of the thermal behaviors, a promoted
ordering and orientation of HDPE chains, conduced by poly(BPOCPMA) molecules
with the potential of forming so regularly organized structure as glassy nematic
arrangement (Sainath et al., 2000) might have given rise to advanced tensile
behaviors as well to increased melting temperatures of crystalline domains of the
HDPE matrix. These comments on the structural advances have also been supported

by the fibrillar and oriented structures observed in SEM analysis of the fracture
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surfaces. This was, in fact, what proposed at the beginning of this study. It is
noteworthy, on the other hand, the microstructural variations, namely, the lateral
expansions in the unit cell dimensions for the consequential improvements. The
initial increase trends in the melting temperature and in the tensile behaviors were
accompanied with the enlargements in the a and b unit cell parameters.
Conveniently, the higher chain mobility in the larger ab basal area might have
cooperated with cohesive forces of the polar graft units, played an efficient role in
conducing to better arrangement of HDPE chains, and thus had an influential

contribution to the achievement of the resulting improvements.

The presence of the homopolymer molecules in the coproducts, on the other
hand, led to relatively lower improvements in the initiatory increase trends and to
relatively sharp decreases after the maxima. The changes in free volume size and
fraction might also have played a dominant role in the stationary behavior in the
tensile strength of the coproducts, between 20.65 - 21.65 MPa and in the
corresponding modulie, along with the percentages 3.8% - 12.7%. In accordance
with the explanations given above, the strength might be expected to increase due to
the reduction in the fraction of free volume with the content of poly(BPOCPMA).
However, the size of the free volume enlarged at the corresponding contents in spite
of the decreases in its fraction. Moreover, great enlargements were also recorded in
the ab basal area of the HDPE unit cells. These enlargements, that are, the increases
in the size of the free holes and the basal area of the unit cells normal to the chain
axes in the HDPE matrix, thus, might have led to the stationary tensile behavior at
the corresponding contents. In addition, a low tensile load capacity of
poly(BPOCPMA) molecules might have contributed to both the decreases in the
tensile behaviors after the maxima and the relatively lower advances in the properties
of the coproducts. Because, a polymer composed of the chains with so large and rigid
side groups is very difficult to exhibit appreciable withstanding under the load with
respect to HDPE. Consequently, this might have made the material less prone to
resist in tensile tests at high contents. With the same line of reasoning, the inclusion
of the homopolymer molecules in the coproducts might have brought about relatively

lower improvements in the properties comparing to the copolymers.
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The impact behavior of the products was investigated by lzod impact test.
The results of the tests were given in Table 4.10. In spite of the brittleness revealed
in tensile tests at high contents, almost all the samples from the both classes were not
broken in the tests, except for the coproduct with 26.7% poly(BPOCPMA). The
improvements in the impact behavior were accompained with the reductions in the
free volume fraction. Furthermore, the improvements in alignments and orientations
in the structure of the material owing to the constitution of such regularly organized
poly(BPOCPMA) graft units might also contribute to the advances in the impact
behavior of the samples. This was supported by the extensive fibrillar structure with
ductile extensions at lower contents and the existence of small and thin fibrils even at
high contents of poly(BPOCPMA), revealed in the impact fractographs. Conversely,
poly(BPOCPMA) homopolymer molecules might additionally contribute to the
brittleness of the products. Because, the homopolymer molecules with so rigid and
large side groups and thus with a high Ty value (72°C) (Sainath et al., 2000) can
conventionally be expected to exhibit a lower resistance to break. This brittleness in
nature of the homopolymer, seemingly made a negative contribution to the impact

behavior of the coproducts.

Table 4.10. Impact strength of the products with % poly(BPOCPMA) content

Copolymers Impact Coproducts Impact
strength strength
(kdim?) (kJ/m?
Neat HDPE Not Broken Neat HDPE Not Broken
3.8% poly(BPOCPMA) Not Broken 3.8% poly(BPOCPMA) Not Broken
6.7% poly(BPOCPMA) Not Broken 7.3% poly(BPOCPMA) Not Broken
10.7% poly(BPOCPMA) Not Broken 12.7% poly(BPOCPMA) Not Broken
11.8% poly(BPOCPMA) Not Broken 19.2% poly(BPOCPMA) Not Broken
18.6% poly(BPOCPMA) Not Broken 25.1% poly(BPOCPMA) Not Broken
21.0% poly(BPOCPMA) Not Broken 26.7% poly(BPOCPMA) 12.06
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4.3  Graft Copolymerization of BPOCPA and BPOCPMA onto IPP

Thermally initiated graft copolymerization of BPOCPA and BPOCPMA onto
IPP were studied at 160°C and for 50 minutes reaction time. Variation of grafting
with the mixing ratio of the monomers and IPP in the reaction mixtures were
investigated with six different monomer/IPP ratios. The contents of poly(BPOCPA)
and poly(BPOCPMA) in the products were also determined gravimetrically, as were
for the grafting products with HDPE. The dependence of poly(BPOCPA) and
poly(BPOCPMA) contents in the graft copolymers and coproducts on the monomer
concentrations in the reaction mixtures were presented in Table 4.11 and Table 4.12,
respectively. The dependencies were drawn in Figure 4.35 and 4.36, and the
variations in percent graftings in Figure 4.37 and 4.38, respectively.

In both product classes similar behavior was observed from the viewpoint of
grafting extent. In the copolymers, at relatively lower monomer/IPP ratios, the extent
of grafting increased with monomer concentration in the reaction mixture, and
reached 9.6, 10.9 and 10.6% poly(BPOCPA), forming almost a plateau at about 10%
poly(BPOCPA), with 20, 30 and 40% BPOCPA, respectively. In poly(BPOCPMA)-
g-1PP copolymers, on the other hand, the increase in the amount of grafting at lower
BPOCPMAVIPP ratios was maintained at higher concentrations of the monomer, but
with relatively smaller increments. The contents, 7.3, 8.9 and 10.3%
poly(BPOCPMA) were achieved with 20, 30 and 40% BPOCPMA, respectively. In
the coproducts, however, the amount of both poly(BPOCPA) and poly(BPOCPMA)
units present increased almost linearly with monomer concentrations in the reaction
mixtures, Figure 4.35 and 4.36. That is, the polymerizations took place with high
conversions. Nevertheless, the extents of grafting were not proportional with the
conversions, and the percent grafting decreased with monomer concentrations in both
classes, Figure 4.37 and 4.38. The maxima, 76.8% and 69.1% grafting, achieved with
5% both BPOCPA and BPOCPMA, respectively, were followed by dramatic
decreases with monomer concentrations in both products. These results revealed that
the grafting took place via the radicals forming on IPP chains in majority, rather than
the reactions between propagating poly(BPOCPA) and poly(BPOCPMA) radicals
and IPP chains. It seems that the higher probability of radical formation on IPP

chains at relatively lower monomer concentrations essentially resulted in higher
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grafting efficiencies on IPP chains. Steric hindrance created by crowded and polar
side groups of poly(BPOCPA) and poly(BPOCPMA) units, on the other hand, are
presumed to account for the observed decreases in the grafting yields.

Table 4.11. The dependence of poly(BPOCPA) content in the products on the
BPOCPA percentage in the reaction mixture

% BPOCPA in reaction mixture 5% 10% 15% 20% 30% 40%

% Poly(BPOCPA) in the copolymers 38 62 76 96 109 106

% Total Poly(BPOCPA) in the coproducts 4.0 7.3 123 174 284 39.0

% Grafting 76.8 63.7 50.0 484 320 159

Table 4.12. The dependence of poly(BPOCPMA) content in the products on
the BPOCPMA percentage in the reaction mixture

% BPOCPMA in reaction mixture 5% 10% 15% 20% 30% 40%

% Poly(BPOCPMA) in the copolymers 33 51 66 73 89 103

% Total Poly(BPOCPMA) in the coproducts 4.6 95 140 188 279 37.8

% Grafting 69.1 50.0 399 303 228 174
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Figure 4.35. The variation of poly(BPOCPA) content in the products with the
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Figure 4.36. The variation of poly(BPOCPMA) content in the products with
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Figure 4.38. The variation of percent grafting of poly(BPOCPMA) with the
percentage of BPOCPMA in the reaction mixture

The variation of grafting upon changing the initiator (dicumyl peroxide)

concentration was also studied at 160°C for 50 minutes and for constant mixing ratio

of BPOCPA in the reaction mixture, that is 30%. The dependence of poly(BPOCPA)
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content in the copolymers on the initiator concentration is presented in Table 4.13,

and drawn in Figure 4.39.

The gravimetric analyses of the products displayed that poly(BPOCPA)
content in the copolymers decreased consistently with the increase of DCP
percentage in the reaction mixture. Two major factors might lead to this decreasing
trend of poly(BPOCPA) content. Firstly, recombination reactions between the
macroradicals might be significant as concentration of DCP increased, which
customarily resulted in the decreases in the efficiency of the initiator. Secondly, the
proportion of the poly(BPOCPA) homopolymer formation instead of grafting might
be raised due to higher concentration of the initiator.

Table 4.13. The dependence of poly(BPOCPA) content in the copolymers on
the initiator concentration

% DCP in reaction mixture 1% 2% 3% 4%

% BPOCPA in reaction mixture 30% 30% 30%  30%

% Poly(BPOCPA) in the copolymers 116% 10.9% 107% 8.9%

% Grafting 385 320 275 228
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Figure 4.39. The variation of poly(BPOCPA) content in the copolymers with
the concentration of DCP in the reaction mixture

4.3.1 FTIR Characterization of the Products

The graft copolymerization of the monomers BPOCPA and BPOCPMA onto
IPP was confirmed by FTIR analysis. The characteristic absorption bands of
poly(BPOCPA)-g-IPP and poly(BPOCPMA)-g-IPP, due to C=0O stretching
vibrations of the ester (1747-1741 cm™) and benzophenone groups (1658-1653 cm™),
aromatic C=C stretching vibrations (1600-1597 cm™and 1512- 1502 cm™), esteric C-
O-C stretching vibrations (1271-1262 cm™ and 1203-1197 cm™) and of the aliphatic
groups due to IPP and main chain of poly(BPOCPA) and poly(BPOCPMA) units
(2958-2953 cm™?, 2924-2920 cm™, 2877-2870 cm™ and 2839 cm™) were also
observed in the FTIR spectra of the products, Figure 4.40 - 4.43.

Because of insolubility of the products, poly(BPOCPA)-g-IPP and
poly(BPOCPMA)-g-IPP in any solvent, NMR analysis could not be carried out.
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Figure 4.40. FTIR spectra of the copolymers with a) 6.2% poly(BPOCPA),

and b) 10.6% poly(BPOCPA)
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Figure 4.41. FTIR spectra of the coproducts with a) 7.3% poly(BPOCPA),

and b) 39% poly(BPOCPA)
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Figure 4.42. FTIR spectra of the copolymers with a) 5.1% poly(BPOCPMA),

and b) 10.3% poly(BPOCPMA)
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Figure 4.43. FTIR spectra of the coproducts with a) 9.5% poly(BPOCPMA),

and b) 37.8% poly(BPOCPMA)
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4.3.2 DSC and X-Ray Characterization of The Products

In order to find out the effect of graft copolymerization of BPOCPA and
BPOCPMA onto IPP on the thermal and crystallization behavior of the coproducts
and copolymers, the product samples were also analyzed by DSC and XRD. The
DSC thermograms of the products were obtained under nitrogen atmosphere and

with a heating rate of 10°C/min.

Isotactic polypropylene crystallizes in at least three different crystalline
forms: a (monoclinic), B (hexagonal), and y (triclinic). a form, arranged on
monoclinic unit cell, is the most stable and conventional form, and can be easily
obtained by crystallization from melt or solution (Cetin and Tinger, 2007). The
isotactic polypropylene used in the experiments was in the o form, verified by XRD
experiments which displayed the reflections with the Bragg’s angles (20) varying
from 10° to 40°, characteristic of the form, Figure 4.44. The a crystal arrangement
has been conserved in the products throughout the graft copolymerization

experiments, verified by the X-ray diffraction studies (Section 4.3.3).
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Figure 4.44. The XRD pattern of pure IPP
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4.3.2.1 Melting and Crystallization Behavior of Poly(BPOCPA)-g-1PP
Copolymers and The Coproducts

Any endotherm attributable to the crystalline melting of the graft
poly(BPOCPA) units was not detected in the thermograms of the products. The
melting temperature of the homopolymer was 231°C, determined in earlier
measurement, Figure 4.9. On the other hand, the graft copolymerization resulted in
the increases in the melting temperature of IPP, Figure 4.45 and 4.46, significantly
and remarkably in some samples. It was observed between 164.9°C, recorded with
the copolymer involving 7.6% poly(BPOCPA), and 169.5°C, measured with the
coproduct comprising 39% poly(BPOCPA).

Heat Flow
’ Exo
a)
b)
167.5°C
c)
167.3°C
d)
164.9°C
e)
166.7°C
H
165.5C
167.2°C
50.0 100.0 150.0 200.0 250.0
Temperature (°C)

Figure 4.45. The DSC thermograms, obtained with a heating rate of
10°C/min under N, atmosphere, of the poly(BPOCPA)-g-I1PP
copolymers with a) 3.8% poly(BPOCPA), b) 6.2%
poly(BPOCPA), <c¢) 7.6% poly(BPOCPA), d) 9.6%
poly(BPOCPA), e) 10.9% poly(BPOCPA), and f) 10.6%
poly(BPOCPA)
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Figure 4.46. The DSC thermograms, obtained with a heating rate of
10°C/min under N, atmosphere, of the coproducts with a) 4.0%
poly(BPOCPA), b) 7.3% poly(BPOCPA), c¢) 12.3%
poly(BPOCPA), d) 17.4% poly(BPOCPA), e) 28.4%
poly(BPOCPA), and f) 39.0% poly(BPOCPA)

In the melting behavior of the products presented above a combination of two
opposing factors contributing simultaneously may be effective within the range of
concentrations studied. The LCP phase stimulating a range of crystalline structures

(heterogeneous phase nucleation) of different sizes and shapes of the IPP may lead to
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the breakdown of the crystal structure of IPP and the consequent behavior in the
melting temperature can be observed. The broadening of the softening range may
possibly be due to a range of widely different sizes of the crystal structures, which
increase by increasing proportions of LCP. Thus, it may be assumed that the effect of
crystallinity in the ultimate blends remains almost identical to that of the virgin PP,
which, in effect, might have compensated the high melting point of stereoregular
isotactic PP (Mandal et al., 2003). Regarding this explanation, heterogeneous phase
nucleation might occur due to grafting of the side chain LCPs, and different sizes of
crystalline structures might be effective, leading to dispersed melting temperatures
compared to IPP. Also, this heterogeneous nucleation might have given rise to
changes in crystallinity of products. According to the crystallization theory, the
process of crystallization takes place in two stages: nucleation of individual crystals
and their subsequent growth. Each stage occurs at a characteristic rate and both the
processes contribute to the overall rate of crystallization, considered as the mass of
the crystalline material formed from the melt in unit time. The rate of the nucleation
stage determines the number of nuclei which arise per unit mass per unit time, while
the rate at which the crystal growth front progresses in units of velocity, accounts for
growth. The faster the nucleation process, the higher will be the nucleation density
and hence the average diameter of spherulites will become smaller. Nuclei smaller
than the critical nucleus are continuously formed and disrupted in the melt, whereas
those of critical dimensions are able to grow. Depending on the chemical
composition of the nuclei, the nucleation may be homogeneous or heterogeneous. In
the first case, the atoms which aggregate to form a nucleus arise from the polymer
chains themselves, while an extraneous nucleating particle (like impurities, catalyst
residues, chain end groups, etc.) act as a nucleus in the heterogeneous nucleation
type. In order that foreign particles are able to act as nucleating agents, the interfacial
energy between their surface and the polymer crystal must be very low (Avella et al.,
1997).

DSC thermograms of the poly(BPOCPA)-g-1PP copolymers produced upon
changing DCP concentration for constant mixing ratio of BPOCPA in the reaction
mixture (30%) were shown below. While single melting endotherms were seen in the
thermograms of the products obtained by using 2% DCP, as presented in Figures
4.45 and 4.46, and by using 1% DCP, Figure 4.47.a, double melting endotherms
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were observed for the samples when initiator concentration was increased from 2%
to 3-4% in the productions. The first melting peak, seen as shoulder, was at about
163°C, and the second at about 170°C, Figure 4.47.b and c.

Heat Flow
t Exo

162.76 %
\ 1077 %

162937

17028 °C

30.00 100,00 150.00 200.00
Temperature  °C)

Figure 4.47. DSC thermograms, obtained with a heating rate of 10°C/min
under N, atmosphere, of the poly(BPOCPA)-g-IPP copolymers
produced by using the initiator a) 1% DCP, b) 3% DCP, and c)
4% DCP

The crystalline forms a, B and y of polypropylene denote different
crystallographic symmetries. All the forms are constituted from chains in a3; helical
conformation with a common repeat distance (approximately 6.5A), but differentiate
in unit cell symmetry, structural disorder and inter-chain packaging. The o-form is
arranged on a “monoclinic unit cell” and characterized by the changes in b-axis
direct, of layers parallel to the ac-plane and composed of left handed (L) or right-
handed (R) helices. The position of methyl groups in IPP are at down or up sides,
and the changes in the position affect a-phase of polypropylene, leading to a; or ay
modification. Two limiting structures were postulated for the o form: a disordered
limiting structure (o) with the corresponding crystallographic symmetry being C2/c
and an ordered limiting structure (ay) having crystallographic symmetry being P2;/c
(Pae and Sauer, 1968; Guerra et al., 1984). Reported that isotactic polypropylene

may exhibit two melting endotherms in DSC, even if the sample is composed of only
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the a form (Guerra et al., 1984). The first peak of two melting endotherms observed
at low heating rates on the samples of isotactic PP (a form) was attributed to the
melting of crystals having a structure with oy modification and the second one was
related to the melting of crystals with a structure nearer to a, modification (Guerra et
al., 1984).

In the thermograms of the samples produced by using 3% and 4% DCP,
Figure 4.47, the first peak observed as shoulder at about 163°C probably denotes the
melting of the crystals with a; modification. The second peak recorded at about

170°C presumably represents the melting of the crystals with a, modification.

The percent crystallinities in the IPP matrices of the products were calculated
by using the DSC thermograms and the equation given below:

Xe (%) = 2 X 100

In this equation; AH; is heat of fusion of sample, AH¢° is heat of fusion of
100% crystalline IPP (209 J/g) (Costa et al., 2007). The measured crystalline melting
temperatures of the products, the heat of fusion values and the calculated percent
crystallinities were presented in Table 4.14 and 4.15, and the variations in percent
crystallinity with poly(BPOCPA) content in both copolymers and coproducts were
plotted in Figure 4.48.

The DSC analyses indicated that percent crystallinity in the IPP matrices
increased with poly(BPOCPA) content in the copolymers at low percentages and
reached the maximum 64.3% crystallinity (IPP used in the studies had 43.3%
crystallinity) with the copolymer involving 9.6% poly(BPOCPA). The crystallinity
then decreased at further contents. On the other hand, the presence of homopolymer
molecules in the coproducts led to slightly smaller or comparable crystallinities in
the products, except for the coproduct with 57% crystallinity and comprising 39%
poly(BPOCPA). It could be hypothesized that the constitution of the reported side
chain LCP poly(BPOCPA) molecules as graft units on IPP chains, with such
regularly organized glassy nematic structure (Sainath et al., 2000) presumably led to
the increases in the crystallinities at low contents up to 9.6% poly(BPOCPA). The
regularly organized poly(BPOCPA) units might have acted as nucleating agents,
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conducing to more ordered packing of IPP chains in crystallites and resulting in the
high crystallinities. At relatively high contents, the extensive nucleating due to
increases in the content of the graft units, which might impede the growth of the
crystals, and polar interactions between the graft units probably prevented the
increases in the crystallinities, which also account for the lower crystallinities in the

coproducts.

Table 4.14. DSC results with poly(BPOCPA) percentages in the copolymers
(The crystalline melting temperatures, Tr, enthalpy of fusions,
AHp, and the percent crystallinities, X; (%))

Sample Tm (°C) AHy, (3/9) X¢ (%)

Neat IPP 164.1 90.42 43.26
3.8% poly(BPOCPA) 167.5 102.00 48.79
6.2% poly(BPOCPA) 167.3 103.80 49.66
7.6% poly(BPOCPA) 164.9 114.40 54.73
9.6% poly(BPOCPA) 166.7 134.40 64.29
10.9% poly(BPOCPA) 165.5 92.60 44.31
10.6% poly(BPOCPA) 167.2 84.81 40.58

Table 4.15. DSC results with poly(BPOCPA) percentages in the coproducts
(The crystalline melting temperatures, T, enthalpy of fusions,
AHp, and the percent crystallinities, X; (%))

Sample Tm (°C) AHp, (J/9) X (%)

Neat IPP 164.1 90.42 43.26
4.0% poly(BPOCPA) 166.7 89.75 42.94
7.3% poly(BPOCPA) 168.1 85.35 40.84
12.3% poly(BPOCPA) 169.0 83.18 39.80
17.4% poly(BPOCPA) 169.2 92.60 44.31
28.4% poly(BPOCPA) 166.7 85.66 40.98
39.0% poly(BPOCPA) 169.5 119.10 56.97
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Figure 4.48. The variation of percent crystallinity with poly(BPOCPA)
content in a) copolymers, and b) coproducts

4.3.2.2 Melting and Crystallization Behavior of Poly(BPOCPMA)-g-1PP

Copolymers and The Coproducts

The effect of graft copolymerization of BPOCPMA on the thermal behavior
of IPP was also analyzed by DSC. Any endothermic heat flow attributable to the
crystalline melting of the graft poly(BPOCPMA) units was not seen in any of the
thermogram of the products. In fact, completely amorphous behavior had been

recorded in DSC analysis of the homopolymer poly(BPOCPMA) carried out in

earlier measurements, Figure 4.14, although it was announced to melt at 121°C
(Sainath et al., 2000). On the other hand, the crystalline melting temperature of IPP

either remained almost unchanged or increased, considerably in some products,

Figure 4.49-4.50. It was observed between 164.0°C and 169.4°C, recorded with the
coproducts involving 4.6% and 37.8% poly(BPOCPMA), respectively.
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Figure 4.49. The DSC thermograms, obtained with a heating rate of
10°C/min under N, atmosphere, of the poly(BPOCPMA)-g-IPP
copolymers with a) 3.3% poly(BPOCPMA), b) 5.1%
poly(BPOCPMA), c¢) 6.6% poly(BPOCPMA), d) 7.3%
poly(BPOCPMA), e) 8.9% poly(BPOCPMA), and f) 10.3%
poly(BPOCPMA)

105



Heat Flow
Exo

o

b)

164.03 °C

166.16 °C

164.25°C

166.45 °C

165.57°C

169.45 C

50 100 150 200 250 300
Temperature (°C)

Figure 4.50. The DSC thermograms, obtained with a heating rate of
10°C/min under N, atmosphere, of the coproducts with a)
4.6% poly(BPOCPMA), b) 9.5% poly(BPOCPMA), c) 14.0%
poly(BPOCPMA), d) 18.8% poly(BPOCPMA), e) 27.9%
poly(BPOCPMA), and f) 37.8% poly(BPOCPMA)

The percent crystallinities in IPP matrices of the products were also
calculated by using the DSC thermograms and the equation as were for the products
involving poly(BPOCPA). The crystalline melting temperatures of the products, the
heat of fusion values and the calculated percent crystallinities were presented in

Table 4.16 and 4.17, and the variations in percent crystallinity with
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poly(BPOCPMA) content in both copolymers and coproducts were plotted in Figure
4.51.

Table 4.16. DSC results with poly(BPOCPMA) percentages in the
copolymers (The crystalline melting temperatures, Tr,, enthalpy of fusions,
AHp, and the percent crystallinities, X (%))

Sample Tm (°C) AHn(J/g) X(%0)

Pure IPP 164.1 90.42 43.26
3.3% poly(BPOCPMA) 168.0 96.31 46.08
5.1% poly(BPOCPMA) 166.3 108.63 51.98
6.6% poly(BPOCPMA) 164.2 112.02 53.60
7.3% poly(BPOCPMA) 166.1 122.79 58.75
8.9% poly(BPOCPMA) 165.3 105.71 50.58
10.3% poly(BPOCPMA) 165.1 102.89 49.23

Table 4.17. DSC results with poly(BPOCPMA) percentages in the
coproducts (The crystalline melting temperatures, Ty, enthalpy of fusions,
AHp, and the percent crystallinities, X (%))

Sample Tm(°C) AH,(J/g)  X: (%)
Pure IPP 164.1 90.42 43.26
4.6% poly(BPOCPMA)  164.0 67.76 32.42

9.5% poly(BPOCPMA)  166.2 117.77 56.35
14.0% poly(BPOCPMA)  164.3 114.12 54.60
18.8% poly(BPOCPMA)  166.4 119.45 57.15
27.9% poly(BPOCPMA)  165.6 113.40 54.26
37.8% poly(BPOCPMA)  169.4 74.50 35.65
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Figure 4.51. The variation of percent crystallinity with poly(BPOCPMA)
content in a) copolymers, and b) coproducts

The DSC analyses indicated that percent crystallinity in the IPP matrices
increased also with poly(BPOCPMA) content in the copolymers at low percentages,
as was for poly(BPOCPA) copolymers, and reached the maximum 58.8%
crystallinity with the copolymer involving 7.3% poly(BPOCPMA). The maximum
was then followed by decreases at further contents, down to 49.2% crystallinity with
10.3% poly(BPOCPMA). The presence of poly(BPOCPMA) homopolymer
molecules in the coproducts, on the other hand, brought about relatively lower
crystallinities comparing to the copolymers. The maximum crystallinity, 57% seen at
18.8% poly(BPOCPMA), was followed by gradual decreases in consistence with the
content, and the lowest crystallinity, 35.7%, was recorded with the coproduct
involving 37.8% poly(BPOCPMA). The polar interactions between the side groups
of grafted poly(BPOCPMA) molecules presumably gave rise to the increases in the
crystallinities of the copolymers. The similar interactions between the side groups of
the homopolymer molecules and the grafted units, however, seemingly resulted in
the decreases in the crystallinities in the coproducts, which became more significant

with the content.
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4.3.2.3 Microstructural Behavior of Poly(BPOCPA)-g-IPP Copolymers
and The Coproducts

In order to find out the effect of the graft copolymerization on the
microstructural behavior of the IPP matrices, in conjunction with their thermal
behaviors, the unit cell parameters of crystal domains of the products were also
estimated from the XRD patterns, as were carried out for the HDPE products.

The isotactic polypropylene used in the graft copolymerization experiments
was in the o form (monoclinic arrangement), verified by the XRD experiments. The
X-ray diffraction pattern of pure polypropylene, Figure 4.44, displayed four
characteristic peaks at 20 of 14.14°, 17.12°, 18.6° and 21.84°, which are assigned to
the 110, 040,130 and 111 reflections of the monoclinic subcell. These values agree
well with the values reported for isotactic polypropylene, which are indexed as
(110),, (040),, (130)4, (111),, (041),, confirming the development of only a crystal
in used IPP (Fereidoon et al., 2009; Yang BX et al., 2008). In monoclinic form, all
the axes are different lengths. Two of them, a and ¢ axes, meet at 90°, but the third
one does not. For the form of polypropylene, unit cell parameters are assigned as a =
6.6A, b = 20.8A, ¢ = 6.5A (Edward et al., 1996; Turner-Jones et al., 1964). The X-
ray diffraction studies indicated that the o crystal arrangement has also been
conserved in the products throughout the graft copolymerization experiments. The
diffraction patterns of the poly(BPOCPA)-g-IPP copolymers and of the coproducts,
which displayed the reflections with the Bragg’s angles (260) varying from 10° to 40°,

characteristic of the form, were presented in Figure 4.52 and 4.53, respectively.
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Figure 4.52. The XRD patterns of poly(BPOCPA)-g-IPP copolymers
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Figure 4.53. The XRD patterns of poly(BPOCPA)-g-IPP coproducts
The lateral dimensions of the monoclinic unit cell, on the other hand, were

found to be considerably affected by poly(BPOCPA) content in the products. The
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dependence of the unit cell parameters a, b and c, and the crystal sizes on the
percentage of poly(BPOCPA) in the products were given in Table 4.18 and 4.19 and
the variations in the parameters were drawn Figure 4.54 in detail. Firstly, it can be
stated that the parameters a and b lay on the values higher in the coproducts
comparing to the copolymers at all contents of poly(BPOCPA). Both parameters
increased significantly at low percentages of poly(BPOCPA) in both classes of the
products. The maximum 6.685 A was achieved with 7.3% poly(BPOCPA) in the
coproducts (0.80% rise comparing to virgin IPP). In the copolymers the maximum
6.674 A was recorded with 6.2% poly(BPOCPA) (0.63% increase). The maxima
were then followed by decreases with the content, gradually and slowly in
coproducts, but sharply in the copolymers. In addition, in spite of the decreases in the
parameter a after the maxima, it remained still higher in the coproducts comparing to
virgin IPP except for the coproduct involving 39% poly(BPOCPA). In the
copolymers, on the other hand, the decrease continued dramatically with the content,
down to 6.565 A seen at 10.9% poly(BPOCPA) (1.0% decrease). A similar behavior
was also observed in the parameter b except for that, after the maximum 20.844 A
(0.46% rise), also recorded with 7.3% poly(BPOCPA), it remained almost stationary
by forming a plateau at about 20.790 A between 12.3% and 39.0% poly(BPOCPA)
in the coproducts. It is assumed that the IPP chains in the unit cells were probably
forced apart laterally by the polar graft units, thus giving rise to expansions in the
lateral dimensions at low percentages of poly(BPOCPA). The weak interactions
between polar side groups of the grafted units and nonpolar IPP chains might have an
additional effect in the expansions at those low contents. Seemingly, this effect was
more prominent in the dimension a. As the content of grafted units increased, on the
other hand, the developed interactions between the polar side groups probably led to
the decreases in lateral dimensions of the unit cells. The presence of the
poly(BPOCPA) homopolymer molecules in the coproducts, however, resulted in the
relatively lower contractions in the dimensions. Apparently, the interactions between
the polar side groups of grafted and ungrafted poly(BPOCPA) molecules might play

role in the lower contractions of the lateral dimensions comparing to the copolymers.
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Table 4.18. The dependence of the unit cell parameters a, b and c, and crystal
size in IPP matrix on poly(BPOCPA) content in copolymers

Sample a(Ad) b@A) c(A) Crystalsize

(nm)

Virgin IPP 6.632 20.748 6.549 17.62
3.8% poly(BPOCPA)  6.638 20.741 6.509 20.45
6.2% poly(BPOCPA)  6.674 20.810 6.510 20.66
7.6% poly(BPOCPA)  6.615 20.706 6.492 22.45
9.6% poly(BPOCPA)  6.605 20.702  6.422 21.52
10.9% poly(BPOCPA)  6.565 20.572  6.401 19.60
10.6% poly(BPOCPA)  6.603  20.698  6.419 20.33

Table 4.19. The dependence of the unit cell parameters a, b and c, and crystal
size in IPP matrix on poly(BPOCPA) content in coproducts

Sample a(Ad) bA) c(A) Crystal size

(nm)

Virgin IPP 6.632 20.748 6.549 17.62
4.0% poly(BPOCPA) 6.666 20.800 6.447 22.90
7.3 % poly(BPOCPA) 6.685 20.844 6.443 23.77
12.3% poly(BPOCPA) 6.652 20.788 6.431 23.23
17.4% poly(BPOCPA) 6.645 20.792 6.424 21.62
28.4% poly(BPOCPA) 6.634 20.790 6.402 19.46
39.0% poly(BPOCPA) 6.624 20.780 6.393 18.61

The graft copolymerization resulted in the decreases in the parameter c,

however, at all contents in both classes of the products, in consistence with the

percentage, Figure 4.54. The voluminous and polar side groups of grafted

poly(BPOCPA) units probably brought about in the decreases in the dimension of the

unit cells.
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Figure 4.54. The variations of the unit cell parameters (a,b,c) in IPP matrix
with poly(BPOCPA) content, calculated from the X-ray
diffraction patterns by using 110, 040 and 041 reflections
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The variation of crystal size (IPP crystals in the matrix) with poly(BPOCPA)
content in the products were drawn in Figure 4.55. The crystal size increased initially
with the percentage of poly(BPOCPA) in both classes of the products. The maximum
size 23.77 nm (34.9% increase with respect to the crystal size of virgin IPP crystals)
was recorded with 7.3% poly(BPOCPA) in the coproducts. In the copolymers, the
maximum was 22.45 nm (27.4% increase), achieved with 7.6% poly(BPOCPA). The
maxima were then followed by decreases with the content, gradually in the former,
but sharply in the latter. Nevertheless, in spite of the decreases, the size lay on the
values still higher comparing to the virgin IPP. It could be concluded that the
poly(BPOCPA) units with regular structure (with the potential of forming the glassy
nematic phase (Sainath et al., 2000) might have acted as nucleating agents and
conduced to more ordered packing of IPP chains and thus to the promoted growth of
the crystals. Because, larger sizes of the crystals can be rationally expected when
they originate from more ordered initiatory structures. The decreases after the
maxima might arise mainly from the extensive nucleation resulted from the
increasing poly(BPOCPA) content, which may eventually give rise to a large number

of IPP crystals but with a smaller size.
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Figure 4.55. The variation of crystal size in IPP matrix with poly(BPOCPA)
content in the products
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4.3.2.4 Microstructural Behavior of Poly(BPOCPMA)-g-1PP Copolymers
and The Coproducts

The effect of the graft copolymerization of BPOCPMA onto IPP on the
microstructural behavior of the material was also investigated. The unit cell
parameters of the crystal domains of the products were also estimated from the XRD

patterns, as were previously studied in the products with poly(BPOCPA).

The X-ray diffraction studies indicated that the a crystal arrangement in IPP
crystal domains has also been preserved throughout the graft copolymerization
experiments. The diffraction patterns of the poly(BPOCPMA)-g-1PP copolymers and
of the coproducts, which displayed the reflections with the Bragg’s angles (20)
varying from 10° to 40° were presented in Figure. 4.56 and 4.57, respectively.
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Figure 4.56. The XRD patterns of poly(BPOCPMA)-g-IPP copolymers
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Figure 4.57. The XRD patterns of poly(BPOCPMA)-g-1PP coproducts

The lateral dimensions of the monoclinic unit cell in IPP matrices were also
found to be considerably dependent on the poly(BPOCPMA) content in the products.
The dependence of the unit cell parameters a, b and c, and the crystal sizes on the
percentage of poly(BPOCPMA) in the products were given in Table 4.20 and 4.21
and the variations in the parameters were drawn in Figure 4.58 in detail. Both
parameters a and b increased initially with the percentage of poly(BPOCPMA) in
both copolymers and coproducts. The increases were steeper in the former. The
maximum in the parameter a, 6.712 A (1.2% rise comparing to virgin IPP) was
recorded with 7.3% poly(BPOCPMA) in the copolymers. In the coproducts, the
maximum was 6.683 A (0.77% rise), observed at 9.5% poly(BPOCPMA). In the
parameter b, the maxima were 20.868 A (0.58% increase) and 20.818 A (0.34%
increase), noted at those corresponding contents as were recorded in the parameter a,
that are, at 7.3% and 9.5% poly(BPOCPMA), respectively. Both parameters
decreased after the maxima, sharply in the former and gradually in the latter, as the
content increased further. It is believed that the IPP chains in the unit cells were
presumably coerced apart laterally by the polar groups of graft units, thus resulting in
the expansions in the lateral dimensions at low contents of poly(BPOCPMA), as

commented for the products with poly(BPOCPA). The weak interactions between
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polar groups of the graft units and nonpolar IPP chains were assumed to have
additional effect in the expansions at those low contents. Apparently, this effect was
more significant in the dimension a. The developed interactions between the polar
side groups arising from the increases in the content of polar graft units probably
gave rise to the contractions in lateral dimensions of the unit cells as the percentage
of poly(BPOCPMA) increased. The relatively soft changes in the lateral dimensions
in the coproducts comparing to copolymers, on the other hand, are believed to result
from the interactions between the polar side groups of grafted and ungrafted
poly(BPOCPMA) molecules.

Table 4.20. The dependence of the unit cell parameters a, b and c, and crystal
size in IPP matrix on poly(BPOCPMA) content in copolymers

Sample a(d) b@A) c(A) Crystallite size

(nm)

Virgin IPP 6.632 20.748 6.549 17.62

3.3% poly(BPOCPMA) 6.657 20.798 6.468 18.68
5.1% poly(BPOCPMA) 6.683 20.820 6.466 19.04
6.6% poly(BPOCPMA) 6.688 20.828 6.461 19.20
7.3% poly(BPOCPMA) 6.712 20.868 6.461 20.03
8.9% poly(BPOCPMA) 6.665 20.796 6.457 18.56
10.3% poly(BPOCPMA) 6.645 20.760 6.454 18.00
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Table 4.21. The dependence of the unit cell parameters a, b and c, and crystal
size in IPP matrix on poly(BPOCPMA) content in coproducts

Sample a(d) b@A) c(A) Crystallitesize

(nm)

Virgin IPP 6.632 20.748 6.549 17.62

4.6% poly(BPOCPMA)  6.680 20.748  6.464 17.18
9.5% poly(BPOCPMA)  6.683 20.818  6.457 17.73
14.0% poly(BPOCPMA) 6.674 20.800 6.451 18.39
18.8% poly(BPOCPMA)  6.629  20.762  6.421 18.61
27.9% poly(BPOCPMA) 6599 20.718  6.392 16.00
37.8% poly(BPOCPMA) 6.592 20.712  6.390 15.50

The parameter c, in contrast to the initial increases in the other dimensions,
decreased consistently with the content of poly(BPOCPMA) in both copolymers and
coproducts. The a IPP crystal structure is connected with the establishment of the
concept of stereoregularity and the recognition of its role as a prerequisite for
polymer crystallization (Meille et al., 1994). Also, molecular weight, molecular
weight distribution and chain branching affect the crystallization behavior of a IPP
(Nogales et al., 2001). It seems that the voluminous and polar side groups of poly
(BPOCPMA) units in the products presumably led to the decreases in the c

dimension of the unit cells.
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Figure 4.58. The variations of the unit cell parameters (a,b,c) in IPP matrix
with poly(BPOCPMA) content, calculated from the X-ray
diffraction patterns by using 110, 040 and 041 reflections
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The variation of IPP crystal size with poly(BPOCPMA) content in the
products were drawn in Figure 4.59. The size increased initially with the percentage
of poly(BPOCPMA) in the copolymers and reached the maximum 20.03 nm (13.7%
increase) with 7.3% poly(BPOCPMA). The size then decreased dramatically as the
content increased further, down to the dimension of 18.00 nm at 10.3%
poly(BPOCPMA), very close to the size of virgin IPP crystals. In the coproducts,
however, no appreciable change was observed in the size up to the percentage of
9.5% poly(BPOCPMA). After relatively small increase (5.6%) with 18.61 nm at
18.8% poly(BPOCPMA), it reduced with the content, down to 15.50 nm (12%
decrease) at 37.8% poly(BPOCPMA), in contrast to the behavior seen in the products
involving poly(BPOCPA) in which all the sizes at all contents were higher
comparing to virgin IPP. Apparently, crowding by o methyl group in
poly(BPOCPMA) units, while leading to the small increases in crystal size in the
copolymers, resulted in the comparable or smaller sizes in the coproducts. The effect
of a methyl group was also observed in the thermal analysis of poly(BPOCPMA)
homopolymer (section 4.1.6). The group gave rise to completely amorphous behavior
in the analysis. The polar interactions between the grafted poly(BPOCPMA) units in
copolymers probably conduced to more ordered packing of IPP chains and thus to
the promoted growth of the crystals in the initial trend. The decrease at higher
contents might be due to extensive nucleations in IPP matrix, conduced polar graft

units, but with a smaller size.
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Figure 4.59. The variation of crystal size in IPP matrix with
poly(BPOCPMA) content in the products
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4.3.3 Mechanical Properties of The Products

The effect of graft copolymerization of BPOCPA and BPOCPMA onto IPP
on the mechanical behavior of the material was also studied by analyzing the stress-
strain and impact behavior of the products. The test samples in dumb-bell shape (50
mm X 76.6 mm x 2 mm) were prepared by micro-injection molding at 220°C with 8
bar injecting pressure. The processing was legitimately optimized at this fairly high
temperature, comparing to the melting point of IPP, due to the difficulties in flow
behavior of the melts at lower temperatures. The graft units poly(BPOCPA) and
poly(BPOCPMA) with rigid and polar side groups might have caused to a restriction
in chain mobility in the products, leading to an increase in the viscosity of the melts
in the processing. Nevertheless, this processing temperature is well below the starting
point of decomposition (245-250°) of the graft units (Sainath et al., 2000). On the
other hand, while some remarkable improvements were achieved in the mechanical
properties of the products involving poly(BPOCPA) at low percentages, the graft
copolymerization of BPOCPMA gave rise to diminishes in all tensile and impact
behaviors in consistence with the content of poly(BPOCPMA) in the products. The
graft copolymerization of both monomers imparted brittleness increasing

consistently with the contents to the material.

4.3.3.1 Mechanical Behavior of Poly(BPOCPA)-g-IPP Copolymers and
The Coproducts

Typical stress-strain curves of the poly(BPOCPA)-g-IPP copolymers and the
coproducts were presented in Figure 4.60 and 4.61, respectively. The extensive cold
drawing seen in virgin IPP was not observed in any of the products even at low
contents of the graft units. At low percentages, while the copolymer samples failed
just after the yielding, at the onset of neck formation, the samples of coproducts
failed at yielding. At the percentages of 6.2% in copolymers and 12.3% in
coproducts, the failures were recorded at the beginning of plastic deformation. At
further respective contents, the products then displayed elastic deformation and
brittle fracture in the tests. Apparently, the rigid character of poly(BPOCPA)
molecules at room temperature (with Ty value of 69°C, Sainath et al.), stemming

from its large and rigid side groups with polar nature, restricts the plasticity behavior
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in the products. Conclusively, the material revealed an increasing brittleness in

nature with increasing graft contents.
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Figure 4.60. Stress-strain curves of poly(BPOCPA)-g-IPP copolymers
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Figure 4.61. Stress-strain curves of poly(BPOCPA)-g-1PP coproducts

The results of the tensile and impact behavior measurements of the products
were presented in Table 4.22 and 4.23, and their variations were drawn in Figure
4.62.a, b and c. The percentage decrease or increase in tensile strength and modulus

in tables were given with respect to virgin IPP. Tensile strength increased initially
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with the content in the copolymers, and reached the maximum 35.39 MPa at 6.2%
poly(BPOCPA) (11.6% improvement comparing to pure IPP). The strength then
weakened dramatically as the content increased, and reduced to 25.97 MPa at 10.9%
poly(BPOCPA). In the coproducts, however, the initial advance in the strength was
not observed. The highest values 32.46 MPa and 32.66 MPa were recorded at 4.0%
and 7.3% poly(BPOCPA), respectively. The presence of the poly(BPOCPA)
homopolymer molecules thus led to the strengths that lay on the values comparable
with the strength of pure IPP, 31.72 MPa. As the content increased further, the
strength weakened gradually in consistence with the percentage, and decreased to
17.38 MPa at 39.0% poly(BPOCPA). On the other hand, very significant
improvements were recorded in Young’s modulus values of the products, determined
on the same samples during tensile tests. The modulus increased initially with the
content in both copolymers and coproducts, and reached the maximum 749 MPa
(18.9% increase) at 6.2% poly(BPOCPA) in copolymers and 754 MPa (19.7%
increase) at 12.3% poly(BPOCPA) in coproducts. It diminished as the content
increased further in both classes of the products, sharply in copolymers but gradually
in coproducts. Nevertheless, in spite of the dramatic decreases, all the moduli lay on
the values still higher comparing to pure IPP. The graft copolymerization thus gave
rise to a reinforcing function in withstanding under load and in resistance to
deformation. These improvements in the tensile behavior are believed to result from
the developments in the ordering and orientation of IPP chains due to the constitution
of side chain LCP poly(BPOCPA) molecules as graft units. The poly(BPOCPA)
units with the potential of forming so regularly organized structure as nematic
arrangement (Sainath et al.) probably conduced to a better ordering and orientation of
IPP chains, and thus gave rise to improved tensile behaviors as mentioned above.
Both the decreases in the tensile behaviors after the maxima could be explained by a
low load capacity of poly(BPOCPA) molecules. Because, the polymer composed of
the chains with so large and rigid side groups are very difficult to exhibit substantial
withstanding under the load with respect to IPP. Consequently, relatively higher
content of poly(BPOCPA) units presumably made the material less prone to resist in

the tensile tests.

The variation in 1zod impact strength as a function of poly(BPOCPA) content

in the products were presented in Figure 4.62.c. As seen in the figure, grafted
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poly(BPOCPA) units led to improvement in the strength of the copolymers at
relatively low contents. The maximum 48 kJ/m? was achieved with the samples
involving 3.8% poly(BPOCPA). The strength then decreased severely as the
percentage increased further. The coproducts, on the other hand, had decrease trend
in the strength in all samples, starting from the initial percentages and in consistence

with the content.

Table 4.22. Ultimate tensile strength, Young’s Modulus and impact strength
of the poly(BPOCPA)-g-IPP copolymers with poly(BPOCPA) content

Specimen Ultimate Strength Young’s Impact
(MPa) Modulus(MPa) Strenght
(kd/m?)
Virgin IPP 31.72 631.35 40.76
3.8% poly(BPOCPA) 34.54 730.99 48.18
(+8.9%) (+15.9%) ‘
6.2% poly(BPOCPA) 35.39 749.84 41.72
(+11.6%) (+18.9%) ‘
7.6% poly(BPOCPA) 33.25 728.91 39.42
(+4.8%) (+15.5%) ‘
9.6% poly(BPOCPA) 27.17 695.70 36.60
(-14.3) (+10.3%) '
10.9% poly(BPOCPA) 25.97 646.96 24 50
(-18.1%) (+2.5%) '
10.6% poly(BPOCPA) 26.01 653.12 9779
(-18%) (+3.5%) '

Table 4.23. Ultimate tensile strength, Young’s Modulus and impact strength of
the poly(BPOCPA)-g-IPP coproducts with poly(BPOCPA) content

Specimen Ultimate Strength Young’s Impact
(MPa) Modulus(MPa) Strength
(kJ/m?)
Virgin IPP 31.72 631.35 40.76
4.0% poly(BPOCPA) 32.46 682.67 36.13
(+2.3%) (+8.2%)
7.3% poly(BPOCPA) 32.66 720.79 35.95
(+2.9%) (+14.3%)
12.3% poly(BPOCPA) 29.95 754.52 34.88
(-5.6%) (+19.7%)
17.4% poly(BPOCPA) 21.69 741.68 30.30
(-12.7%) (+17.6%)
28.4% poly(BPOCPA) 19.36 728.53 29.22
(-39.0%) (+15.5%)
39.0% poly(BPOCPA) 17.38 714.22 24.86
(-45.2%) (+13.2%)
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Figure 4.62. The variation of a) ultimate strength, b) Young’s modulus and
¢) impact strength of the coproducts with poly(BPOCPA)
content
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Impact property or toughness of material is its resistance to fracture. The
higher impact strength is observed due to better dissipation of the energy loaded
during the test, and the more the energy is absorbed, the higher impact strength the
material has. Various mechanisms may occur in (pure) polypropylene, which can
lead to energy dissipation and thus to a higher toughness e.g. yielding, crazing, and
phase transitions. The impact toughness is often the deciding factor in material
selection because impact test measures the ability of polymer to withstand the load
imposed upon being struck by an object at high velocity, thus it is a measure of
energy required to propagate a crack cross the specimen. With respect to these
explanations, the higher impact strength in copolymers compared to coproducts may
be related to better energy dissipation in copolymers, nucleating agent properties of
grafted poly(BPOCPA) content and changes in crystallinity of products. These
results are consistent with DSC and XRD analysis. The percentage crystallinities
were higher, whereas crystal sizes were lower in the copolymers compared to
coproducts. In the study carried out by Jose at al. the increase in impact properties of
PP on the addition of HDPE was related to the crystallinity changes arising due to
blending. It was reported that the addition of HDPE decreases the size of PP
spherulites by acting as a nucleating agent and increases impact strength of PP.
Crystallinity of HDPE was higher when compared to IPP and pure HDPE has higher
nucleation and growth of individual crystallites (Jose et al., 2004). Moreover, a
reduction in spherulite size was reported to improve impact strength due to an
increase in interfacial thickness, better interspherulitic chain mobility, and reduction
of spherulitic defects. In addition, fracture toughness in semicrystalline polymers
strongly depends on the number of tie molecules between the crystallities and the
disentanglement resistance of the polymer chains (tie molecules connect crystals and

amorphous region) (Kersch et al., 2016).
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4.3.3.2 Mechanical Behavior of Poly(BPOCPMA)-g-1PP Copolymers and
The Coproducts

The typical stress-strain behavior of the poly(BPOCPMA)-g-IPP copolymers
and the coproducts were illustrated in Figure 4.63 and Figure 4.64, respectively. It
was observed that the extensive cold drawing observed in virgin IPP was lost in all
products involving poly(BPOCPMA). At low percentages in both copolymers and
coproducts the samples failed just after the yield point, at the beginning of neck
formation. As the content of poly(BPOCPMA) increased, the products from both
classes gained brittleness increasingly. Seemingly, the rigid character of
poly(BPOCPMA) units at room temperature (with Ty value of 72°C, Sainath et al.),
stemming from its large and rigid side groups with polar nature, restricted the
plasticity behavior in the products. Molecular rotation and conformational freedom
of IPP chains and poly(BPOCPMA) units might also be restricted due to the
crowding with methyl groups, which might considerably contribute to the observed
brittleness. Conclusively, the material revealed an increasing brittleness in nature
with increasing graft contents as were observed in the products involving
poly(BPOCPMA).

The effect of poly(BPOCPMA) content on the mechanical behavior of the
material, that is, the changes in Young’s modulus, tensile and impact strength as a
function of poly(BPOCPMA) percentage in the products were given in Table 4.24
and 4.25, and the variations were drawn in Figure 4.65. The percentage decrease or
increase in tensile strength and modulus in tables were given with respect to virgin
IPP. It was revealed that the graft copolymerization of BPOCPMA onto IPP resulted
in inferior performance almost in all mechanical behaviors. The higher
poly(BPOCMA) content in the products gave rise to lower ultimate tensile strength
in copolymers as well as in coproducts, Figure 4.65.a. In addition, Young’s modulus
of the products decreased with the increment in poly(BPOCPMA) percentage, Figure
4.65.b. The methyl groups attached to every second carbon atom in IPP polymer
chain restrict rotation of the chain producing a stronger but less flexible material
(Salih et al., 2013). The presence of the group also on the main chain of
poly(BPOCPMA) molecules might additionally contribute to the restrictions in the

mobility of IPP chains and the graft units. Eventually, the restrictions probably
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resulted in the observed inferior behaviors in the mechanical tests. The decrease in
the properties may also be related to a reduction in the crystallization behavior of the
material (Tortorella et al., 2008). Hence, the graft copolymerization of BPOCPMA
molecules, while resulting in remarkably improved mechanical behaviors in the

products involving HDPE (section 4.2.4), gave rise to lower performances in the

properties of IPP.
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Figure 4.63. Stress-strain curves of poly(BPOCPMA)-g-IPP copolymers
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Figure 4.64. Stress-strain curves of poly(BPOCPMA)-g-1PP coproducts
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Table 4.24. Ultimate tensile strength, Young’s Modulus and impact strength
of the poly(BPOCPMA)-g-IPP coproducts with
poly(BPOCPMA) content

Specimen Ultimate Young’s Impact
Strength (MPa) Modulus (MPa) Strenght
(kJ/m®)
Neat IPP 31.72 631.35 40.76
3.3% poly(BPOCPMA) 30.58 632.46 30.33
(-3.7%) (+0.2%) '
5.1% poly(BPOCPMA) 30.25 597.49 99.99
(-4.9%) (-5.7%) ‘
6.6% poly(BPOCPMA) 29.72 597.25 97 97
(-6.7%) (-5.7%) '
7.3% poly(BPOCPMA) 28.78 593.68 26.10
(-10.2%) (-6.3%) ‘
8.9% poly(BPOCPMA) 28.8 587.48 25 50
(-10.1%) (-7.5%) ‘
10.3% poly(BPOCMA) 28.49 562.50 9151
(-11.3%) (-12.2%) '

Table 4.25. Ultimate tensile strength, Young’s Modulus and impact strength
of the poly(BPOCPMA)-g-1PP coproducts with poly(BPOCPMA)

content
Specimen Ultimate Young’s Impact
Strength (MPa)  Modulus (MPa) Strength
(kd/m?)
Neat IPP 31.72 631.35 40.76
4.6% poly(BPOCPMA) 29.73 638.16 99.40
(-6.7%) (+1.1%) '
9.5% poly(BPOCPMA) 29.35 621.00 9790
(-8.1%) (-3.1%) '
14.0% poly(BPOCPMA) 28.85 612.11 96.40
(-9.9%) (-3.1%) '
18.8% poly(BPOCPMA) 28.37 603.04 15.69
(-11.8%) (-4.7%) '
27.9 % poly(BPOCPMA) 24.58 596.03 1254
(-29.0%) (-5.9%) '
37.8 % poly(BPOCMA) 24.67 595.51 8.10
(-28.6%) (-6.0%) '
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The variation of 1zod impact strengths of the products with poly(BPOCPMA)
content were given in Figure 4.65.c. The graft copolymerization led to inferior
impact strength in both copolymers and coproducts, in consistence with
poly(BPOCPMA) content. That is, the dissipation of the energy loaded during the
test got worse and the resistance of the material to impact thus weakened as the
percentage of poly(BPOCPMA) increased. The resulting brittleness in nature was
also revealed in SEM micrographs of the fracture surfaces of samples. The restricted
chain mobility owing to the crowding by the methyl groups on both IPP and
poly(BPOCPMA) molecules and also to the rigid and large side groups of
poly(BPOCPMA) units might have substantial contribution to the observed impact
behaviors, that is, to poorer dissipation of the impact energy. The weaker behaviors
in the impact tests may also be related to a reduction in the crystallinity (Tortorella
and Beatty, 2008). Fracture toughness in semicrystalline polymers strongly depends
on the number of tie molecules between the crystallites and disentaglement resistance
of polymer chains (Kersch et al., 2016). Thus, the crystallization behavior of the
products, that is, the percent crystallinity and crystal size might also play role in the

observed mechanical behaviors.

4.4  SEM Analysis of The Polymers

Size, size distribution of reinforcement phase and the adhesion quality of
interface between matrix and the reinforcement phase are important factors for the
mechanical performance of polymer blends and composites. Therefore, the tensile
and impact fractured surfaces of the poly(BPOCPMA)-g-HDPE, poly(BPOCPA)-g-
IPP, poly(BPOCPMA)-g-1PP copolymers and the coproducts were investigated by
SEM analysis. The SEM photographs of all the fracture surfaces displayed no phase
separation. The structures of the products were completely homogeneous in spite of
that the graft units poly(BPOCPA) and poly(BPOCPMA) with polar side groups
were essentially different in nature from apolar HDPE and IPP. This result confirmed
the chemical bonding of the units, that is, graft copolymerization of BPOCPMA onto
HDPE and IPP, and of BPOCPA onto IPP. Furthermore, since poly(BPOCPA) and
poly(BPOCPMA) exist also as homopolymer as well as the grafted units in the
coproducts, it was additionally indicated that the graft copolymers
poly(BPOCPMA)-g-HDPE, poly(BPOCPA)-g-IPP and poly(BPOCPMA)-g-IPP
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acted as compatibilizers providing good interfacial adhesion between the

homopolymers and graft copolymers in the coproducts.

4.4.1 SEM Analysis of Poly(BPOCPMA)-g-HDPE Copolymers and The
Coproducts

SEM analyses of both the copolymers and the coproducts displayed a gradual
transition from ductile fracture at lower graft contents to brittle nature dominated at
high percentages. The bulky and long extensions like fibrillar structure at lower
contents gradually got smaller and shortened as the content increased, Figure 4.66-
4.71. On the other hand, it can be stated as a general deduction that the copolymers
exhibited better fibrillations and orientations at similar contents, comparing to the
coproducts as revealed by the oriented structures in Figure 4.67 and 4.68 and thin
extensions from the surfaces, widely observed in the copolymer samples, Figure 4.71
and 4.72. Accordingly, the better alignment and orientation in the fibrillar structure
account for the better improvements in the tensile behavior of the copolymers. At
high percentages in both classes the gradually shortened extensions were eventually
replaced by a morphology exhibiting brittle fracture in majority, verified by the
cracks and openings on the surfaces. But, the transition took place at earlier
percentages in the copolymers, confirmed by the existence of small extensions even
at high contents in the coproducts, Figure 4.70. On the other hand, there still existed
some fibrillar extensions even at high contents in both classes. These extensions were
observed in the fractographs as thin fibrils protruding from the surfaces broken in
brittle nature in the copolymer samples, and in the surfaces with some small
extensions in some coproduct samples, Figure 4.71-73. The thin fibrils were also
seen in the impact fractograph of the coproduct sample involving 26.7%
poly(BPOCPMA), besides the cracks and openings showing the brittle fracture,

Figure 4.74. But, the material did not show any phase separation at all.
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20kv X1,000 10um 0000 AIBU

Figure 4.66. SEM micrograph of tensile fractured surface of the coproduct
with 3.8% poly(BPOCPMA)-g-HDPE

20kv  X2,000 10um 0000 AIBU

Figure 4.67. SEM micrograph of tensile fractured surface of the copolymer
with 6.7% poly(BPOCPMA)-g-HDPE
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20kV X650 20um 0000 AIBU

Figure 4.68. SEM micrograph of tensile fractured surface of the copolymer
with 10.7% poly(BPOCPMA)-g-HDPE
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Figure 4.69. SEM micrograph of tensile fractured surface of the coproduct
with 12.7% poly(BPOCPMA)-g-HDPE
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Figure 4.70. SEM micrograph of tensile fractured surface of the coproduct
with 25.1% poly(BPOCPMA)-g-HDPE
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Figure 4.71. SEM micrograph of tensile fractured surface of the copolymer
with 18.6% poly(BPOCPMA)-g-HDPE
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20kv  X2,000 10um 0000 AIBU

Figure 4.72. SEM micrograph of tensile fractured surface of the copolymer
with 21.0% poly(BPOCPMA)
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Figure 4.73. SEM micrograph of tensile fractured surface of the coproduct
with 26.7% poly(BPOCPMA)-g-HDPE
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Figure 4.74. SEM micrograph of impact fractured surface of the coproduct
with 26.7% poly(BPOCPMA)-g-HDPE

4.4.2 SEM Analysis of Poly(BPOCPA)-g-1PP, Poly(BPOCPMA)-g-I1PP
Copolymers and The Coproducts

Tensile fractographs of the poly(BPOCPA)-g-IPP copolymers and the
coproducts with poly(BPOCPA) content were presented in Figure 4.75-81. The
fractographs revealed that brittleness governed the fractures of the samples in
general. Some extent of ductility was also detected at relatively low contents of
poly(BPOCPA). We observed some short fibrillar structure broken in ductile besides
the microcracks and openings showing the major fracture goes through brittle nature,
Figure 4.75-78. The prominent change in the morphology was clearly seen through
the fractographs given in Figure 4.75-81 at which the short fibrillar structure seen at
low contents was replaced by cracks, openings and holes in the fractures. But, the

photographs did not show any phase separation at all.
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20kV  X2,500

Figure 4.75. SEM micrograph of tensile fractured surface of the copolymer
with 3.8% poly(BPOCPA)-g-IPP
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Figure 4.76. SEM micrograph of tensile fractured surface of the copolymer
with 7.6% poly(BPOCPA)-g-IPP
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Figure 4.77. SEM micrograph of tensile fractured surface of the copolymer
with 9.6% poly(BPOCPA)-g-IPP

e
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Figure 4.78. SEM micrograph of tensile fractured surface of the coproduct
with 12.3% poly(BPOCPA)-g-1PP
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Figure 4.79. SEM micrograph of tensile fractured surface of the copolymer
with 10.9% poly(BPOCPA)-g-IPP

Figure 4.80. SEM micrograph of tensile fractured surface of the coproduct
with 28.4% poly(BPOCPA)-g-1PP

140



Figure 4.81. SEM micrograph of tensile fractured surface of the coproduct
with 39.0% poly(BPOCPA)-g-1PP

All the micrographs of the impact fractured surfaces of the products involving
poly(BPOCPA) revealed that the fractures were brittle, Figure 4.82-86. In impact
testing, a force is loaded onto the certain area of the test samples in a small time
scale. If the loaded impact energy is not delocalized effectively at molecular level i.e.
by orientation of the macromolecules, the energy is localized in the weak regions of
the structure to form cracks and voids. The fractographs given in Figure 4.82-86

illustrated how the zigzagged propagation of the cracks.
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Figure 4.82. SEM micrograph of impact fractured surface of the copolymer
with 7.6% poly(BPOCPA)-g-IPP
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Figure 4.83. SEM micrograph of impact fractured surface of the copolymer
with 10.9% poly(BPOCPA)-g-1PP
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20kV  X2,500 10pm

Figure 4.84. SEM micrograph of impact fractured surface of the coproduct
with 4.0% poly(BPOCPA)-g-IPP

X500  50pm

Figure 4.85. SEM micrograph of impact fractured surface of the coproduct
with 12.3% poly(BPOCPA)-g-1PP
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Figure 4.86. SEM micrograph of impact fractured surface of the coproduct
with 39.0% poly(BPOCPA)-g-1PP

A similar morphological behavior was also observed in the products
comprising poly(BPOCPMA). The tensile fractographs illustrated some extent of
ductility and some short fibrillar structure broken in ductile besides the microcracks
and openings, Figure 4.87-94. But, brittleness was the major in fractures and became
more prominent as the content increased. This was revealed by the gradual
replacement of short fibrillar structure seen at relatively low contents with cracks and
openings recorded at high percentages of poly(BPOCPMA). But, there existed a
small fibrillar structure even at contents, Figure 4.92-94. On the other hand, any

phase separation was not detected at all.
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Figure 4.87. SEM micrograph of tensile fractured surface of the copolymer
with 5.1% poly(BPOCPMA)-g-I1PP

Figure 4.88. SEM micrograph of tensile fractured surface of the copolymer
with 6.6% poly(BPOCPMA)-g-1PP
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Figure 4.89. SEM micrograph of tensile fractured surface of the copolymer
with 8.9% poly(BPOCPMA)-g-I1PP

20kv. " "X800

Figure 4.90. SEM micrograph of tensile fractured surface of the copolymer
with 10.3% poly(BPOCPMA)-g-I1PP
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Figure 4.91. SEM micrograph of tensile fractured surface of the coproduct
with 14.0% poly(BPOCPMA)-g-1PP

-
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Figure 4.92. SEM micrograph of tensile fractured surface of the coproduct
with 18.8% poly(BPOCPMA)-g-1PP

147



v%‘\a “
20kVA X800 . 20pm

Figure 4.93. SEM micrograph of tensile fractured surface of the coproduct
with 27.9% poly(BPOCPMA)-g-I1PP
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Figure 4.94. SEM micrograph of tensile fractured surface of the coproduct
with 37.8% poly(BPOCPMA)-g-1PP
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The brittleness in fractures was also revealed in impact fractographs of the
products, Figure 4.95-98. The micrographs, however, showed some extent of
ductility and fibrillar structure at low contents, Figure 4.95 and 4.96, which were
replaced by zigzagged cracks and openings as the percentage of poly(BPOCPMA)

increased.

7 20kV .~ X500 _ 50um

Figure 4.95. SEM micrograph of impact fractured surface of the copolymer
with 5.1% poly(BPOCPMA)-g-1PP
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Figure 4.96. SEM micrograph of impact fractured surface of the coproduct
with 9.5% poly(BPOCPMA)-g-I1PP

20KV . X500 .56fim

Figure 4.97. SEM micrograph of impact fractured surface of the copolymer
with 10.3% poly(BPOCPMA)-g-I1PP
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Figure 4.98. SEM micrograph of impact fractured surface of the coproduct
with 27.9% poly(BPOCPMA)
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5. CONCLUSIONS

v Thermally initiated graft copolymerization of BPOCPMA onto HDPE and of
BPOCPA and BPOCPMA onto IPP were successfully carried out. Variation of
grafting with the mixing ratio of the monomer and the matrix polymer (HDPE or
IPP) in the reaction mixtures was investigated. The content of graft units in the
products consistently increased with the percentage of the monomers in the reaction
mixtures while the percent graftings reached the maximum values at relatively lower
monomer concentrations, which were followed by dramatic decreases. It was
presumed that the graftings took place via the radicals forming on matrix chains
rather than the reactions between propagating poly(BPOCPA) and poly(BPOCPMA)

radicals and the matrix macromolecules due to probable steric hindrance.

v The graft copolymerization of BPOCPMA led to noteworthy increases in the
crystalline melting temperature of HDPE in the products. Advances in the ordered
and oriented packing of HDPE chains in the crystallites due to the constitution of
side chain LCP poly(BPOCPMA) molecules as graft units were believed to result in

the increases.

v The graft copolymerizations gave rise to significant enlargements in the
lateral dimensions of the unit cell (a and b parameters) of the orthorhombic structure
of HDPE in consistence with the graft content. The grafted poly(BPOCPMA)
molecules with rigid, voluminous and polar side groups probably forced the HDPE
chains apart laterally and thus expanded the unit cell dimensions. A constant
expansion in ¢ parameter, the unit cell axis parallel with the chain axis of HDPE

molecular segments, however, was recorded in all products.

v The lateral dimensions of the monoclinic unit cell of IPP matrix were also
found to be considerably affected by poly(BPOCPA) and poly(BPOCPMA) content
in the products. Both a and b parameters increased significantly at low percentages
of the graft units. The IPP chains in the unit cells were probably forced apart laterally
by the polar graft units, thus giving rise to expansions in the lateral dimensions at

low percentages of poly(BPOCPA). The weak interactions between polar side groups
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of the grafted units and nonpolar IPP chains might have an additional effect in the
expansions at those low contents. This effect was more prominent in the dimension
a. At higher contents, the developed interactions between the polar side groups
probably led to the decreases in lateral dimensions of the unit cells. The parameter ¢
decreased in all products in consistence with the content.

v The graft copolymerization of BPOCPMA gave rise to increases in the crystal
size in crystalline domains of HDPE matrix with the content. The expansions in the
lateral dimensions of the unit cells have seemingly resulted in the extended growth of
the crystals with the dimensional enlargements. Moreover, the glassy nematic
structured poly(BPOCPMA) units acting as nucleating agents during crystallizations
might have conduced to more ordered packing HDPE chains and thus additionally

contributed to the promoted growth of the crystals.

v The crystal size in the crystalline domains of IPP matrix were also found to
be considerably affected by poly(BPOCPA) and poly(BPOCPMA) content in the
products. The size increased initially with the percentage of poly(BPOCPA), and
then had a decrease trend at higher contents. The poly(BPOCPA) units with regular
structure (with the potential of forming the glassy nematic phase (Sainath et al.,
2000) might have acted as nucleating agents and conduced to more ordered packing
of IPP chains and thus to the promoted growth of the crystals. The decreases might
have arisen mainly from the extensive nucleation resulted from the increasing
poly(BPOCPA) content. The widespread nucleation might have eventually given rise
to a large number of IPP crystals but with a smaller size. A similar behavior was also
recorded in the copolymers involving poly(BPOCPMA). But, presence of the
poly(BPOCPMA) homopolymers in the coproducts led to comparable or lower sizes

detected relatively at higher contents.

v The grafting onto HDPE, while leading to relatively smaller increase in the
free volume size at low percentage of poly(BPOCPMA), resulted in reduced volume
with the increase of the content in the products. Relatively larger holes in the
material at low contents presumably due to larger openings between the chains
brought about by the voluminous side groups of the poly(BPOCPMA) molecules that
compel the chains laterally. Moreover, the grafting resulted in dramatic decreases in

the free volume fractions with the content, especially in the copolymers. The
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interactions between the polar side groups, becoming more effective with the
content, probably led to more compact packing of the chains in the matrix, which
resulted in the reduction of the free volume fraction. The bulky side groups giving
rise to the larger openings between the chains might have occupied the voids in
mayjority with the increase of the content, owing to the preferred interactions between
the polar groups and to the weak interactions between the polar units and nonpolar
HDPE chains.

v Remarkable improvements were achieved in the mechanical properties of the
poly(BPOCPMA)-g-HDPE products, particularly, in ultimate tensile strength and
modulus. But, percent elongation and yield stress were lost at high contents of
poly(BPOCPMA), and brittleness dominated in the mechanical characters. The
mechanical behaviors were perceived to be largely governed by the free volume
properties of the products. Superior tensile behaviors were recorded in the products
that have lower free volume size and fraction. The larger free volumes and their
greater fraction conduced to relatively extensive drawing to further elongations in the
tensile direction, owing to probable reduction in resistive frictional force and higher
conformational freedom of the macromolecules. Probable losses and restrictions in
chain mobility at relatively higher contents, brought about by the decreases in the
hole sizes and the fractions probably made the chains more resistive in sliding over
each other. This effect presumably made the material superiorly withstanding under
load and more resistive against deformation while leading to brittleness in the

character of the material.

v While the graft copolymerization of BPOCPA onto IPP leading to some
improvements the mechanical properties of the products at low percentages of
poly(BPOCPA), the graft copolymerization of BPOCPMA gave rise to diminishes in
all tensile and impact behaviors in consistence with the content of poly(BPOCPMA).
Both grafting imparted brittleness increasing consistently with the contents to the

material.

v The structures of the products were completely homogeneous in spite of that
the graft units poly(BPOCPA) and poly(BPOCPMA) with polar side groups were
essentially different in nature from apolar HDPE and IPP. This result confirmed the

chemical bonding of the graft units, that is, graft copolymerization of BPOCPMA
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onto HDPE and IPP, and of BPOCPA onto IPP. The products exhibited brittle nature

with some ductility.
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