) Al Jianal 40 5ad) 4 sgand

République Algérienne Démocratique et Populaire

Ministere de L'Enseignement Supérieur et de la Recherche Scientifique

Filiere: Génie des Procédés

BENACHOUR Djafer
RIAHI Farid

ANGEL ANTONIO
Marcos-Fernandez
DOUFNOUNE Rachida
HELLATI Abdelhak
BAOUZ Toufik

(oD 2

L;niversité Ferhat ABBAS Sétif 1
UNIVERSITE FERHAT ABBAS - SETIF1

FACULTE DE TECHNOLOGIE

THESE

Présentée au Département de Génie des Procédes

Pour I’obtention du diplome de

DOCTORAT

Domaine : Sciences et Technologie

Par
Mr.BELHAOUES Abderrahmane

THEME

Compatibilisation du Mélange

Caoutchouc Naturel/Polypropyléne (NR/PP)

Soutenue le 09/Juin/2021 devant le Jury:

Professeur Univ. Ferhat Abbas Sétif 1
Professeur Univ. Ferhat Abbas Sétif 1
Professeur ICTP-CSIC, Madrid-Spain
Professeur Univ. Ferhat Abbas Sétif 1

Maitre de Conférence Classe A Univ. M.B.I Bordj Bou Arréridj

Maitre de Conférence Classe A Univ. Abderrahmane Mira Bejaia

Option: Matériaux Polymeres

Président

Directeur de Thése

Co-Directeur

Examinatrice
Examinateur

Examinateur



Dedication



000000000090000000000000000000000000000060@

()

()

()

NG

NG

()

()

AN

AN

()

NG

@fr?\\

0000090000900 00 0090009990099 0990090090960966

DEDICATION

I would like to dedicate my thesis:

- To my family and my dearest parents especially my mother
whose unbelievable endurance, unconditional [love, and
untouchable devotion have been monumental;

-To all my brothers: Seifeddine; Mouhamed Amin and Adel;

-To my wife who has been of great motivation and inspiration
and for the countless ways she ensured that I finished this study
this year;

“To those who will be happy for this new goal in my study

career;

“To my best friends: Seifeddine, Islam, Abdeelhalim, AL, Walid,

Farouk, Faycal, Moncef, Wassim, Fares, kamar-zaman, Soltan.
- 70 anyone who has ever taught me anything;

There are many friends and other family members who need to be
listed for their part in this thesis;

Finally, this thesis is dedicated to all those who believe in the
richness of learning and to all those who have devoted their lives
to bring the faded light of ambiguity to the complete shininess of
clarity.

Mr. BELHAOUES Abderrahmane

i

Ul A i Al A A i A A i A A

@
¢
¢
¢
¢
¢
©
©
©
©
©
©
©
©
©
©
©
©
©
©
©
©
©
©
©
©
¢
©
©
©
©
©
©
©

D)

D)

3)
3)
3)
3)

D)
D)
3

D)
3

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

©




Acknowledgements



0000090000900 00 0090009990099 0990090090960966

Acknowledgements

In the name of Allah,

The Most Beneficent and the Most Merciful. All praises to Allah the Almighty for giving me
the strengths, guidance and patience in completing this thesis. With his blessing, this thesis is
finally accomplished.

First of all, there are a lot of people who significantly helped me significantly throughout

and supportive, and | would like to thank them and show my appreciation for what they did.

I would like to take this opportunity, first and foremost, to express my heartiest thanks and
deep gratitude to my supervisor, Prof. Riahi Farid for his helpful guidance, valuable
discussions and support throughout this research. I also would like to express my gratitude
and my deep appreciation accorded to my co-supervisor, Prof. Angel Antonio Marcos-
Fernandez for spending his time and his thoughtful discussions, encouragement, patience,
and kindness in the preparation of this thesis and for allowing me to use the facilities of the
laboratories of the Department of Polymer Physics, Elastomers and Energy Applications,

Institute of Polymer Science and Technology, CSIC, Madrid, Spain.

I would like to thank the jury members; namely: Prof. Benachour Djafer, Prof. Doufnoune

g
©
©
)
©
©
©
©
©
these years to reach the end of this beautiful journey. All those people were very influential %
©
©
©
©
©
©
)
)
)
§
)
)
)
)
)
)
)

0000000000000 00000000000000009000000000600@

Rachida, Dr. Hellati Abdelhek and Dr. Baouz Toufik, for reviewing this thesis. Their effort

to examine this work is much appreciated.

()

b)

)
)
)

()

D)
b)

()

I also would like to thank Dr. Benmesli Samia who provided the materials used in this study.

()

-V

()

This work was performed in a collaboration between the Department of Process Engineering,

()

()

Faculty of Technology, Ferhat Abbas University, Setif 1, Algeria and the Department of

()

()

Polymer Physics, Elastomers and Energy Applications, Institute of Polymer Science and

()

Technology, CSIC, Madrid, Spain with a financial grant for Ph.D students by The Algerian

()

()

Ministry of Higher Education and Scientific Research (Grant Ph.D. Program
PNE 2019-2020).

| also would like to thank Dr. Alberto Fernandez Torres, Dr. Juan Lopez Valentin, and

()

()

()

()

()

Dr. Rodrigo Navarro Crespo with whom | had useful discussions. Sincere thanks are also

()

()

extended to all laboratory technicians for their valuable help and advice.

()

()

()

Ul A i Al A A i A A i A A

()

()

©

©



0000090000900 00 0090009990099 0990090090960966

I would like also to place on record my great appreciation to all my teachers in Ferhat Abbas
Setif -1- University, where | have studied Polymer Engineering and Science.

I would like to express my gratitude and my deep appreciation to Prof. Benachour Djafer for
his constructive and scientific guidance, and kindness. He is my inspiration for what academic
life should be about.

These acknowledgments would not be complete without a thought for my family. | want to
express my deep gratitude to my dearest parents for their endless support. They have always

been there for me during all these years of study and encouraged me to finish Ph.D study.

N’

9o

CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS Instituto de Ciencia y Tecnologia de Polimeros

U0 pBstomers
Bastimers L

000000000090000000000000000000000000000000@

()

()

()

()

()

()

()

()

()

()

()

()

()

()

()

()

()

Mr. BELHAOUES Abderrahmane

()

()

()

()

Ul A i Al A A i A A i A A

()

@@



Abstract



Abstract

Polymer blends emerge as one of the most important research areas in macromolecular
science. The study of polymer blends structures, properties, and processing from academics
and industries has been observed for decades. Due to their wide potential applications such as
electronics, packaging, automotive, household appliances, etc., polymer blends have shown a

growing development.

As we know that polymer blending is a mixing of at least two polymers to produce new
materials with quite different properties. But unfortunately, most of the polymer pairs are
thermodynamically immiscible, and the resulting blends exhibit poor mechanical performance
due to the weak interfacial adhesion between the phases. Compatibilization of such polymer
blends has been carried out to modify the interface and to improve their properties. The
incorporation of compatibilizers as a third component in immiscible blends is effectively used

to improve the phase compatibility.

Thermoplastic Elastomers (TPEs) are an important class of polymer blends that exhibit the
typical advantages of conventional rubbers but can be processed with the thermoplastic
processing methods. Among different kinds of thermoplastic elastomers, those based on
polypropylene (PP) and natural rubber (NR). Considering the commercial significance of the
mentioned blends, different approaches have been used during the last few decades to
improve their compatibility/or their engineering properties to expand their fields of

applications.

The objective of this work was to investigate the effects of a 50/50 blend of epoxidized
natural rubber (ENR)/maleic anhydride grafted polypropylene (PP-g-MA) as a
compatibilizing agent (CA).The incorporation of these modified forms of NR and PP, through
their functional groups would promote the interactions with their parent elastomer and
thermoplastic phases. The effects were investigated through the measurements of the
rheological, mechanical, dynamic mechanical, morphological, and thermal properties of a
70/30 NR/PP thermoplastic elastomeric blend. The chemical structure of raw materials, as
well as the compatibilizer was identified by fourier transform infrared spectroscopy (FTIR)
and proton nuclear magnetic resonance (*H-NMR).

FTIR analysis has confirmed the occurrence of reactions between the maleic anhydride
groups of PP-g-MA and the epoxy groups in ENR and produced ENR-grafted PP with an
ester and acid-based linkages. Moreover, *H-NMR results revealed that the CAs were
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insoluble and did not dissolve in the different solvents but swelled only confirming hence the
chemical reaction that took place between ENR and PP-g-MA.

Rheological properties of the blends have been investigated using a Brabender Plastograph,
and Rubber Process Analyzer (RPA). The Brabender plastograms of the 70/30 NR/PP blends
containing the compatibilizers showed a moderate increase of the torque when the CAs were
added. It was also found that, compared to ENR3s; the ENRsp-based CA caused a plastization
effect by reducing the viscosity which was reflected by the value of the final torque. For the
dynamically vulcanized blends, it was found that the torque also increased as a result of the
incorporation of the CA as well as the dynamic vulcanization which was carried out using a
mixture of the tetramethylthiuram disulfide (TMTD), 4,4'-Dithiodimorpholine (DTDM), and
N-Cyclohexyl-2-benzothiazole sulfenamide (CBS).

The RPA measurements indicated that the viscosity of both types of the CAs was higher than
that of their respective individual values, confirming hence the grafting and crosslinking
reaction which results from reaction between functional groups of ENR with PP-g-MA.
Moreover, the RPA results revealed that, the viscosity of both thermoplastic elastomers and
that of thermoplastic vulcanizates (TPVs) increased with increasing the concentration of both
types of the CAs. The same trends were observed for the effects on the storage modulus.

The degree of crosslinking of the elastomer phase in the blends dynamically vulcanized by
sulfur donors at different amounts of CAs was estimated by measuring the swelling index. It
was found that the swelling index decreases continuously with increasing the CA
concentration. It can therefore be inferred that changes down to the molecular level have
taken place due to the interactions of Compatibilizing Agent,s and Compatibilizing Agentsg
with PP and NR, and that the vulcanizates changed to stiffer and less penetrable materials by

the solvent.

The mechanical properties results confirmed the enhancement of the interphase interactions
for both the unvulcanized blends and the dynamically vulcanized ones. This was reflected by
the increase of tensile strength, Young’s modulus, and a decrease of the elongation at break.

Characterization by dynamic mechanical thermal analysis (DMTA) showed also an
enhancement in the compatibility of the TPE and TPV blends. DMTA results indicated that
the compatibilization and dynamic vulcanization lead to a significant enhancement in the
storage modulus of the blends. Moreover, an increase in the glass transition temperatures of
the blends was produced, due to the chain motion restriction imposed by their stronger

interfacial interactions. The DMTA results revealed also that the T transition peak, relative to

Vv
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the PP phase in the blend, disappeared for the unvulcanized CA,s or CAsp-containing blends
but was more pronounced and shifted by almost 9°C for the dynamically vulcanized system

with respect to the control blend.

The morphology of the blends was examined by using scanning electron microscopy (SEM),
and atomic force microscopy (AFM). SEM and AFM micrographs revealed a more
homogeneous distribution of the dispersed PP phase for the CA-containing TPE systems and
good interfacial adhesion between all the phases compared to the control NR/PP TPE blend.

Dynamic vulcanization produced a significant morphological transformation. The CA-
containing TPVs exhibited a morphology characterized by finely dispersed NR particles in the

PP matrix indicating the occurrence of phase inversion.

The thermal properties of the blends were measured by means of Differential Scanning
Calorimetry (DSC).The melting behaviour of the blends revealed that, the CA has no
significant influence on the melting temperature, it was also found that the CA was
responsible for the reduction of the % crystallinity for the unvulcanized TPEs but an increase
for the TPVs; which was attributed to phase inversion. The analysis of thermal stability of
polymer blends is necessary for the development of durable products. The thermal
degradation of the 70/30 NR/PP blends was investigated using the thermogravimetric analysis
(TGA) method. The thermogravimetric studies revealed that the addition of CA did not have
any significant effect on the thermal stability of the TPE blends. However, it was found that
the decomposition temperatures of the two phases (elastomeric phase and thermoplastic
phase) decreased for the dynamically vulcanized blends compared to the TPE blends, an
unexpected result that reflects the complexity of the system studied which involves many

conflicting factors.
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Introduction

Blending of two or more types of polymers such as blending natural rubber with polyolefins
is a useful technique for the preparation and development of materials with properties
superior to those of the individual constituents [1]. However, most polymer blends are
immiscible and usually exhibit phase-separated morphologies and poor interfacial adhesion
between their phases [2]. The interfacial adhesion can be improved by introducing a third
component into the binary system that will either chemically interact with both the phases or
will have specific interactions with one phase and physical interactions with the other [3].
This phenomenon can be explained as an improvement in the compatibilization of the blend.
Commonly, compatibilization can lead to a finer phase structure and enhanced interfacial
adhesion [4].

A particular type of polymer blends is thermoplastic elastomers (TPEs). TPEs play an
important role in the polymer industry due to their good processability and their elastomeric
properties. There has been a growth of subcategories of TPEs to distinguish between different
types of materials. Several examples are block copolymers, thermoplastic/rubber blends, and
ionomers. Extensive studies have been carried out in the area of TPEs based on blends of
elastomers with thermoplastics [5]. TPES based on rubber- thermoplastic blends are classified
into two distinct types. One type consists of a simple blend where the rubber known as a
thermoplastic elastomer polyolefin (TPE-O) or a thermoplastic polyolefin (TPO). The rubber
phase of the thermoplastic polyolefin is an unvulcanized material. In the other type, the rubber
singular phase is dynamically vulcanized during melt mixing with a thermoplastic polymer,
giving rise to thermoplastic vulcanizates (TPVs), dynamic vulcanizates (DVs), or elastomeric
alloys (EAS) [6].

TPEs prepared from blends of natural rubber and various types of thermoplastic are known as
thermoplastic natural rubbers (TPNRs) [7]. These include polyolefins, such as polypropylene
[8-13], polystyrene (PS) [14], polyamide-6 (PA-6) [15], poly (methyl methacrylate) (PMMA)
[16-18], ethylene vinyl acetate copolymer (EVA) [19], low-density polyethylene (LDPE)
[20-21], and linear low-density polyethylene (LLDPE) [22-24]. Polypropylene is considered
to be the best choice for blending with NR due to its high softening temperature of about
150°C and low glass transition temperature of about - 60°C for the blend, giving rise
to a very versatile thermoplastic applicable over a wide range of temperatures [25].
Research on TPNR is very extensive and can be divided in three main fields which are the
development of view types of TPNR by varying blend components, the investigation of



Introduction

different crosslinking agents for the dynamic vulcanization, and study of the effects of the
chemical modification of the NR and/or the polyolefin part in the blend [26].

Several researchers have investigated the compatibilization of TPNRs based on modified
forms of NR and reported enhanced properties of the resulting blends [27-41].

The objective of the present study is to investigate the effects of the incorporation of a 50/50
blend of ENR/PP-g-MA as a compatibilizing agent (CA) on the rheological, mechanical,
dynamic mechanical, morphological, and thermal properties of a 70/30 NR/PP TPE and TPV
blends.

The incorporation of a blend of ENR with PP-g-MA through the functional groups enhanced
by the epoxy groups and the anhydride groups would promote the interactions with their
parent elastomer (NR) and thermoplastic (PP) phase, respectively in the resulting TPEs.

This thesis is composed of four chapters. The first of which presents a theoretical background
on the main polymers used in the study and a state of the art of the research carried out in the
field of compatibilization of polymer blends as well as the chemical modification of NR and
PP. The second chapter describes the materials and the experimental procedures. In the third
chapter, characterizations of the produced compatibilizing agents by FTIR and *H-NMR
analyses as well as the rheological properties of the CA-containing blends are discussed. The
results of the effect of addition of the 50/50 blend of ENR with PP-g-MA to the 70/30 NR/PP
TPE and TPV on the mechanical, dynamic mechanical, morphological, and thermal properties
are discussed in the last chapter.

The main results obtained are summarized in the conclusion, and recommendations for future

work are also proposed.
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Chapter | Theoretical Background and Literature Review

In this chapter we present an overview of the polymers involved in this study. Emphasis is
made on thermoplastic elastomers (TPEs) and those based on natural rubber (NR) and the
different strategies used for compatibilization. In the second part, a literature review
concerning the research studies published in the field of thermoplastic natural rubber (TPNRS)

IS presented.

1.1 Introduction

Natural Rubber (NR) products are undoubtedly a part of our everyday life and can be
seen in applications across a number of industries, including some we may have never even
thought about. Also known as gum rubber, it is a substance which is heavily desired because
of its favorable physical properties and the potential to be improved chemically so that it will
become even more useful [1]. The history of natural rubber has seen its evolution from a
product that was originally used primitively and only for simple functions. Nowadays natural
rubber is used in modern industries such as aerospace, automotive, transportation, and
petroleum industries. With continued research and advances in technology, we can be sure to

find the uses of natural rubber to expand alongside these applications [2].

Chemical modification of NR has become an important method for improving its
properties and widening its range of uses [3-7]. The epoxidation of NR, to produce epoxidized
natural rubber (ENR) is an attractive method of its modification as it improves its properties
as damping, air permeability, as well as oil and solvent resistance [8]. Another route of
modification of Natural Rubber, which gained great importance, as far as optimizing the
materials performance and processing, is the development of Thermoplastic Natural Rubber
(TPNR). TPNR is a material blend made from Natural Rubber (NR) and a polyolefin, such as
polypropylene. Thus, it shows intermediate properties between the NR and the plastic, which
provides flexibility in shaping, great recyclability of scrap, and low production cost. Its
outstanding feature, as for all thermoplastic elastomers (TPESs), is its combined excellent
processing characteristics of thermoplastic materials and the wide range of physical properties

of the base elastomer at service temperature [9-10].

1.2 Natural Rubber

Among of the range of elastomers available to technologists, NR is among the most
important, because it is the building block of most rubber compounds used in products today.
NR, which is a truly renewable resource (Figure 1.1), comes primarily from Indonesia,

Malaysia, India, and the Philippines, though many more additional sources of good quality
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rubber are becoming available. NR is a material that is capable of rapid deformation and
recovery, and it is insoluble in a range of solvents, though it will swell when immersed in
organic solvents at elevated temperatures. Its many attributes include abrasion resistance,
good hysteretic properties, high tear strength, high tensile strength, and high green strength.
However, it may also display poor fatigue resistance. It is difficult to process in factories, and
it can show poor tire performance in areas such as traction or wet skid compared to selected

synthetic elastomers [11].

Natural Rubber, consisting of cis-1,4-polyisoprene (Figure 1.2) as a major polymeric
material, is a useful material with a high amount of production and consumption throughout
the world. NR has been used as a raw material in many industries, particularly for the
manufacture of rubber tires, consumer products and medical sectors, such as footwear, rubber

band, rubber toys, medical gloves, etc.

—CHy,_ ,CH2—CHy ,CHy—CH,, CH,—
= — =
/A=K R
CH; - cy Yy cuy

cis-Polyisoprene (repeat units, n = 1500 to 15,000: M,, = 100,000 to 1,000,000)
Figure 1.2 Chemical structure of natural rubber.
The chemical structure of Natural Rubber comprises of 99% of cis-1,4-polyisoprene. The
remaining 1% is a mixture of non-rubber components such as protein, amino acids, sugar,
fatty acids and other substances. The high content of cis-1,4-polyisoprene in NR, contributes
to high degree of strain-induced crystallization as well as high mechanical properties [11].
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1.2.1 Properties of Natural Rubber

Natural Rubber has certain unique properties such as:

« It combines high strength (tensile and tear) with an outstanding resistance to fatigue.

« It has excellent green strength and tack which means that it has the ability to stick to itself
and to other materials which makes it easier to fabricate.

« It has moderate resistance to environmental damage by heat, light and ozone which is one
of its drawback.

« Natural Rubber has excellent adhesion to brass-plated steel cord, which is ideal in rubber
tyres.

o It has low hysteresis which leads to low heat generation, and this in turn maintains new
tyre service integrity and extends retreadability.

« Natural Rubber has low rolling resistance with enhanced fuel economy.

« It has high resistance to cutting, chipping and tearing [12].

1.2.2 Applications of Natural Rubber
Owing to its excellent properties, NR is an essential component of many products used in

various applications. Rubber products can be classified into five sectors as follows:

1. Tyre products: Major products of dry NR for over 70% of NR consumption is used in
tyres, especially heavy-duty tyres for trucks, buses and airplanes, and tyre products,
such as pneumatic tyres and inner tubes for automotive use. The ability of NR to resist
heat build-up makes the heavy-duty tyres much safer than those made from synthetic
rubber.

2. Moulded products: Prepared by compression or injection of rubber compound into a
closed mould. Typical products are sponges, carpet underlay, sandals, shoes, rubber
bands, connectors, curing tubes, and curing flaps, lining mats, O-rings, rollers,
bumpers, heavy-duty pads, seals, gaskets and wheels.

3. Extruded products: Rubber is extruded through dies to form various shapes and
profiles. Examples of extruded products are hoses, pipes, electric cables, refrigerator
seals, window/door seals, insulators, rollers and erasers.

4. Calendered products: Calendered rubber sheets are widely used in various applications
such as conveyer belts, bumpers, gaskets, roll coverings, brake linings, seals and tyre

patches.
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5. Adhesives: Solution adhesives consist of a mixture of solid rubber and other
components dissolved in a solvent. Several adhesive systems are used to produce
pressure-sensitive adhesives. The applications of solid NR are adhesives, electrical

insulation tapes, adhesive tapes, packaging tapes, surgical tapes and plasters [12].

1.3 Modified forms of Natural Rubber

NR has been modified in a number of ways in line with several developments that have taken
place in the field of synthetic rubbers. Physical blending with other materials or polymers is
commonly referred to as physical modification while direct reaction of the polyisoprene
molecule with appropriate reagents results in chemically modified forms. NR was found to be
suitable for different types of chemical modification resulting in the production of a number

of polymeric materials of very interesting properties [13].

NR can be modified by physical or chemical means and in some cases by a combination of
the two. Physical methods involve incorporation of additives that do not chemically react with
rubber. Examples are oil extension, blending with other polymers, masterbatching, etc.
Although a limited level of chemical reaction may take place between the rubber and some of
the added materials, the modification in properties is brought about mostly by the physical
combination of materials. A chemical modification on the other hand, depends on the
chemical reactivity of NR molecule. Being unsaturated, it is highly reactive and many
chemical reactions could be carried out on NR resulting in materials having entirely different
properties. The most widely practiced chemical reaction on NR is vulcanization. It is an
integral part of most of the product manufacturing processes. There are a number of other
reactions on NR which yield products with novel properties. These reactions could be broadly
divided into three categories: intermolecular changes without introduction of a new chemical
group, attachment of a pendant functional group, grafting of different polymers at one or more

points along the NR molecule [13-14].

1.3.1 Chemical modification of Natural Rubber

NR shows a very uniform microstructure that provides unique and important characteristics
to the material, namely the ability to crystallize under strain, a phenomenon known as “strain
induced crystallization”, and very low hysteresis. From these properties; i.e: good tensile
strength, high resilience, excellent flexibility, and resistance to impact and tear NR is very
useful in many applications. However, NR shows low resistance to oxidation, UV radiation,

weathering, and a wide range of chemicals and solvents, mainly due to its unsaturated chain

12



Chapter | Theoretical Background and Literature Review

structure and low polarity. These inherent drawbacks apparently cause limitations in NR
usage, particularly for technical and engineering applications. In order to extend the uses of
NR, a chemical modification of its structure have been envisaged for many years and was
shown as an interesting method for producing new NR-derived materials and modifying its
intrinsic properties such as chemical resistance, weathering resistance, and thermal stability.
Chemical modification of NR can be classified in three main categories [13-14]:

1.3.1.1 Modification by bond rearrangement without introducing new atoms

Carbon-carbon crosslinking, carbon-carbon isomerization, hydrogenation, cyclization, and
depolymerization are among the main examples of this type of modification applied to NR.
For instance, hydrogenated NR is thermally more stable than NR, and more resistant to
oxidation and radiation effects, because of its saturated structure. Hydrogenated NR has a
structure of alternated copolymer of ethylene and propylene as shown in Figure 1.3. It can be
performed with elemental hydrogen in the presence of a transition metal catalyst [15-16] or by
a non-catalytic method [17]. Hydrogenated NR shows a higher degree of crystallinity and a
slightly higher glass transition temperature (Tg) than NR, as well as a better thermal stability
[18]. Such hydrogenated NRs have the potential to be used in fields where good thermal

properties are required, for instance to prepare vibration isolators at high temperature [18].

CH yi
N \
C=CH+ Hz a1

e Wy

Figure 1.3 Hydrogenation of natural rubber [18].

1.3.1.2 Modification by bonding of new chemical groups or atoms through addition or

substitution reactions performed on carbon-carbon double bonds.

Chlorinated NR, hydrochlorinated NR and, epoxidized NR are some examples of
commercially available modified NR by attachment of new chemical groups. Epoxidation of
NR has been done since 1922, but commercial grades and potential applications of epoxidized
natural rubber were only developed in the 1980. Epoxidation can be carried out in solution or
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in the latex form but only the latter is of commercial grade. A peracid is commonly used to
carry out the epoxidation of NR in the latex form. The epoxidation occurs via a transition state
mechanism as shown in Figure 1.4. It was found that, depending on the reaction conditions, it
is possible to modulate the level of epoxidation [19-21]. Two ENR grades defined by their
content in epoxidized 1,4-polyisoprene units, i.e., 25 % and 50 %, are commercially available.
The Tg of ENR increases linearly with the content in epoxidized units. Due to its higher Tg,
ENR shows improved tensile strength and fatigue compared to NR, and the bonding to metal

and wet grip is also better than with NR [22].

HaC, H3C H3C
! Y .
C==CH C=CH ==CH
2N 7N\
WWWWWWA— CH.? CH;)_ CH’) Cl ]«2_‘ C“z CHZ_‘/\NW\N
l RCOOOH
R\
‘ /C=o\
0 H
6. gy
3 R
A il
C=CH
i!
WWW— CH, CHy —vwwww
H3C, H3C, 0O, H3C
N N/\
N O C—CH C ==cCH
/ N\ / N\ / N
WYWWW— Cl, CH, — CHj CHy— CH, CHy—vWWw
+
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Figure 1.4 Mechanism of the epoxidation of NR by the peracid [21].

1.3.1.3 Grafting of a polymer onto the NR backbone

Grafting has been frequently performed using vinyl monomers like methyl methacrylate and
styrene. Graft copolymers of NR and poly(methyl methacrylate) (NR-g-PMMA) known as
Heveaplus MG, are commercially available in two grades: 30 % (MG 30) and 49 % (MG49)
of PMMA [23]. Heveaplus MG shows superior properties like hardness, modulus, abrasion,
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electrical resistance, and light color. It has been used to improve the impact properties of
polystyrene, and to blend with NR as reinforcing agent. The solution or latex form of
Heveaplus MG was used as adhesive or bonding agent to bond rubber to poly(vinyl chloride)
(PVC), leather, textiles, and metals. Recently, Derouet et al [24], synthesized well-defined
NR-g-PMMAs by MMA photopolymerization initiated from N, N-diethyldithiocarbamate
functions previously created along the NR chains (Figure 1.5). They found that the thermal
stability of NR was improved after the introduction of PMMA grafts onto NR chains.

monomer
E'S L

Figure 1.5 Grafting of a second polymer onto the NR backbone [24].

1.4 Polypropylene

Polypropylene is a tough, rigid and semi crystalline thermoplastic produced from propene
(or propylene) monomer. It is a linear hydrocarbon resin. The chemical formula of
polypropylene is (C3Hs)n. Polypropylene is a vinyl polymer in which every carbon atom is
attached to a methyl group and can be expressed as shown in Figure 1.6.

H

a

T i} T oY i TR
— o C s 'C }
H H ‘
cH,1 e’ cu cn P chH

'n
Figure 1.6 Chemical structure of polypropylene.

Polypropylene shows many good properties such as excellent chemical and thermal
resistance, high melting point, stiffness, chemical inertness and low density, a high tensile
modulus, and easy recyclability [25]. Polypropylene offers a very attractive combination of
physical and mechanical properties at a relatively low cost with continuously increasing
applications. Some of the characteristics of this material are suitable for common service
conditions. Due to its high transition temperature and high crystallinity, PP exhibits poor low
temperature impact resistance. Polypropylene forms very poor blends with other polymers. It
has no chemical functionalities. Polypropylene is one of the most important commercial
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polymers; it is a highly versatile material with an outstanding combination of cost
performance and excellent physical properties. The property range of PP can be broadened by
physically blending it with other polymers. It has a hydrophobic, low-free-energy, chemically
inert surface. Polypropylene shows brittleness, low mechanical performance and low impact
resistance at below or around glass transition temperature.
Polypropylene is made from polymerization of propene monomer by: Ziegler-Natta
polymerization or Metallocene catalysis polymerization.
Upon polymerization, PP can form three basic chain structures depending on the position of
the methyl groups (Figure 1.7): 1-Atactic (aPP) - Irregular methyl group (CHs) arrangement,
2-lsotactic (iPP) — Methyl groups (CHs) arranged on one side of the carbon chain. 3-
Syndiotactic (sPP) - Alternating methyl group (CHgz) arrangement [26].

1- Atactic polypropylene (aPP)
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Figure 1.7 The Ziegler-Natta catalytic polymerization of propene with three different

stereoregular structures [26].

1.4.1 Advantages of polypropylene

Polypropylene is readily available and relatively inexpensive.
It has high flexural strength due to its semi-crystalline nature.
It has also a relatively slippery surface.

It is very resistant to absorbing moisture.

o b~ w0 D

Polypropylene has good chemical resistance over a wide range of bases and acids.
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6. It possesses good fatigue resistance.
7. Polypropylene has good impact strength.

8. Polypropylene is also a good electrical insulator [27].

1.4.2 Drawbacks of polypropylene

1. Polypropylene has a high thermal expansion coefficient which limits its high
temperature applications.

It is susceptible to UV degradation.

Polypropylene has poor resistance to chlorinated solvents and aromatics.

It is known to be difficult to paint as it has poor bonding properties.

Polypropylene is highly flammable.

o g bk~ DN

It is susceptible to oxidation [27].

1.4.3 Applications of polypropylene

Polypropylene is widely used in various applications due to its good chemical resistance and
weldability. Some common uses of polypropylene include:

1. Packaging Applications
Good barrier properties, high strength, good surface finish, and low cost make polypropylene

ideal for several packaging applications.

a. Flexible packaging. PP films’ excellent optical clarity and low moisture-vapor
transmission make it suitable for use in food packaging. Other markets include shrink-
film overwrap, electronic industry films, graphic arts applications, and disposable
diaper tabs and closures. PP film is available either as cast film or bi-axially orientated
PP (BOPP).

b. Rigid packaging. PP is blow molded to produce crates, bottles, and pots. PP thin-
walled containers are commonly used for food packaging.

2. Consumer goods. Polypropylene is used in several household products and consumer

goods applications, including translucent parts, house wares, furniture, appliances, luggage,

and toys.
3. Automotive applications. Due to its low cost, outstanding mechanical properties, and

moldability, polypropylene is widely used in automotive parts. Main applications include
battery cases and trays, bumpers, fender liners, interior trim, instrumental panels, and door

trims. Other key features of automotive applications of PP include low coefficient of linear
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thermal expansion and specific gravity, high chemical resistance and good weatherability,
processability, and impact/stiffness balance.

4. Fibers and Fabrics. A large volume of PP utilized in the market segment known as fibers
and fabrics. PP fiber is utilized in a host of applications including raffia/slit-film, tape,
strapping, bulk continuous filament, staple fibers, spun bond and continuous filament. PP rope
and twine are very strong and moisture resistant very suitable for marine applications.

5. Medical Applications. Polypropylene is used in various medical applications due to its
high chemical and bacterial resistance. Also, the medical grade PP exhibits good resistance to
steam sterilization. Disposable syringes are the most common medical application of
polypropylene. Other applications include medical vials, diagnostic devices, petri dishes,

intravenous bottles, specimen bottles, food trays, pans, pill containers [28].

1.5 Thermoplastic elastomers from Rubber/Plastics blends

Thermoplastic elastomers combine the service properties of elastomers with the processing
advantages of thermoplastics. This combination of properties can be obtained through the
simultaneous presence of soft, elastic segments that have a high extensibility and a low glass
transition temperature and hard, crystallizable segments which have a lower extensibility and
a high Tg value. This means that TPE properties are characterized more by their
morphological behavior than by their chemical composition. The ratio of soft and hard
segments determines the hardness and the modulus of elasticity and also comparable
properties of TPE. The chemical nature of the soft segments has an influence on the elastic
behavior and the low temperature flexibility, whilst the hard segments, which act as crosslink

points, determine the heat resistance, the strength and the swelling behavior [29].

1.5.1 The major advantages of TPEs

1. TPEs do not require any compounding steps which are necessary for thermoset
rubbers, i.e. TPE pellets itself can be used for the fabrication of products.

2. The processing of TPE is much simpler than thermoset rubbers which require
multisteps for fabrication of products. This reduces the final cost of the product.

3. TPEs can be processed using thermoplastic fabrication methods such as blow
moulding, heat welding and thermoforming, but are not practical for thermoset
rubbers.

4. TPEs require shorter cycle times for the fabrication of a product compared to

thermoset rubbers and this increases the production rate. The lower density of TPEs
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compared to thermoset rubbers leads to the production of a large number of articles
from a given weight. Both these factors lead to cost reduction.
TPE scrap can be reused with negligible loss of properties. However thermoset rubber

scrap cannot be reprocessed.

6. TPEs are flexible and break at large elongation.
7.
8
9

TPEs have good compression set and superior vibration damping characteristics.

. TPEs can be reinforced with fillers such as carbon black and silica.

. TPEs have good resistance to impact, compressive and flexural loads.

10. TPEs have high fatigue to failure resistance [30].

1.5.2 Drawbacks of TPEs

Countering these advantages of TPEs are certain disadvantages which must be considered:

1.

Thermoplastic processing methods and equipment, foreign to the rubber industry, are
required for their fabrication. TPE fabrication by a thermoset rubber processor thus
requires a capital investment in thermoplastics equipment, and operators must learn
how to use this equipment.

The good processing economics of TPEs generally need a relatively high production
volume to justify the costs of molds, extrusion dies, and development effort.

Drying is usually required before TPE processing. This step, familiar to thermoplastics

processors, is unknown in conventional rubber processing [31].

1.5.3 Classification of TPEs

TPEs may be rationally divided into the following classes according to their chemistry and

morphology:

1) Poly (Styrene-Butadiene-Styrene) (TPE-S)

2) Thermoplastic Polyolefin (TPE-O or TPO)

3) Thermoplastic Vulcanizates (TPE-V or TPV)
4) Thermoplastic Polyurethanes (TPE-U or TPU)
5) Thermoplastic Polyesters (TPE-E)

6) Melt Processable Rubber (MPR) [32].
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1.5.4 Factors determining the properties of TPEs
The properties of TPEs are determined by a number of factors, which depend on the material

properties of the rubber and plastic components. These include:

1. Dynamic shear modulus or Young’s modulus: This property is a measure of the
stiffness of the polymer.

2. Tensile strength of the hard phase material: This property represents a limit for the
strength of TPE.

3. Critical surface tension for wetting: The difference between the critical surface tension
for wetting (for the rubber and plastic) is a rough estimate of the interfacial tension
between the rubber and the plastic during melt mixing. The interfacial tension is an
important factor that determines the extent of phase heterogeneity. It has been found
that blends in which the surface energies of the rubber and plastic are closely matched
are strong and extensible.

4. Crystallinity: The ultimate strength of rubber-plastic blends shows a definite
dependence on the crystallinity of the plastic material component, which improves
both mechanical integrity and elastic recovery.

5. Melt viscosity: it has been accepted that melt blending is most efficient (i.e. capable
of giving the smallest particles of dispersed phase) when the viscosities of the phases

are the same [33].

1.6 Thermoplastic vulcanizates

Thermoplastic vulcanizates (TPVs) are prepared by a dynamic vulcanization technique by
adding curatives during the mixing operation. The TPVs consist of the dispersion of
vulcanized rubber domains in the thermoplastic matrix, which differs from the simple blends.
The dynamic vulcanization occurs through two stages: first, blending without crosslinking or
simple blending, and second, a superimposed crosslinking and mixing. The viscosity plays a
significant role on the formation of TPV morphology. When the degree of vulcanization is
high, the rubber particles may be broken into micron size of elastomeric particles. The
dynamic vulcanization of the rubber phase in the plastic matrix leads to the formation of
materials with improved properties of high elasticity, while the thermoplastic phase provides
the melt processing characteristics. Varieties of TPVs have already found commercial

applications, especially in the automotive sector [34-36].
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In the first blending step, the morphology of both phases changes to a co-continuous structure
(Figure 1.8 (a)). The continuous mixing leads to formation of smaller grains of
the co-continuous structure under the action of shear and elongational stresses on a highly
viscous co-continuous structure (Figure 1.8 (b)). After addition of the curatives, the viscosity
of the rubber phase quickly increases and the co-continuous structure is deformed by a
shearing process (Figure 1.8 (c)). The break-up mechanism of the highly deformed
co-continuous structure happens after the blend reaches a critical stress from increased
viscosity, which results in the dispersion of the crosslinked rubber phase in the thermoplastic
matrix. At high amount of crosslinks in the rubber, the rubber phase will break up into a
finely dispersed particles morphology (Figure 1.8 (d) and (e)) [34, 36-37]. This is the moment
where the co-continuous morphology is transformed into a dispersed matrix phase, which
depends on blend composition, viscosity and elasticity ratio, processing conditions and
crosslinking conditions. Therefore, TPV morphology typically consists of the crosslinked
rubber particles finely dispersed in the thermoplastic matrix. However, at high content of the
rubber phase or rubber-rich TPV, the crosslinking is insufficient to enforce phase inversion

and it is commonly difficult to separate the rubber particles in the rubber-rich TPV [34].
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Figure 1.8 Schematic diagram of morphology transformation during the dynamic

vulcanization of polymer blends [34].

The vulcanization system is one of the most important factor in determining the physical
properties of the dynamic vulcanizates. TPVs have been extensively investigated by using
various types of the vulcanization system such as a phenolic resin [34, 38-41], sulfur [42, 43],
a peroxide [44, 45], and mixed curatives (sulfur and peroxide) [40, 46]. Recently, the phenolic
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cured system has received more attention in TPVs. This is because the fine dispersion of
rubber particles in the matrix is obtained. As a consequence, improvement in mechanical
properties of the TPV was achieved [40]. The sulfur cured TPV provided superior mechanical
properties in terms of tensile strength and elongation at break as compared with peroxide cure
but it always gives an unpleasant smell during processing [46]. TPV based on the peroxide
cured system showed good elastic behavior in particular the compression set, heat resistance
and no discoloration of the final products. However, the peroxide cured material shows a
blooming effect and a decomposition of the peroxide into smelly by-products along with a
B-chain scission reaction of the PP [40, 44]. The use of multifunctional peroxide may
overcome the drawbacks and provide PP-based TPV with appropriate mechanical properties
[47, 48].

1.7 Thermoplastic Natural Rubber blends

Thermoplastic Natural Rubber blends are a group of thermoplastic elastomers prepared by
blending NR with thermoplastics in various proportions. There are several types of
thermoplastics that could be used to prepare TPNRs. They include polystyrene [49],
polypropylene [50], high density polyethylene [51], linear low density polyethylene [52-53],
poly(methyl methacrylate) [54], and polyamide [55].

1.7.1 Natural Rubber-Polypropylene blends

Natural Rubber-Polypropylene blend is the most widely studied system and it is synonymous
with TPNR. PP is considered to be the best choice for blending with NR due to its high
softening temperature which is about 150°C and low glass transition temperature, about
- 60°C for the blend, giving rise to a very versatile thermoplastic applicable over a wide range
of temperatures [56,57]. NR/PP thermoplastic blend compositions can be varied to give
materials of different mechanical properties ranging from a soft elastomer to a semi rigid
plastic. The soft grade TPNR is produced by blends with compositions richer in rubber while
the harder grades can contain up to about 30% NR. The flexural modulus of the blend is
determined by NR and the grade of PP, with the homopolymer PP producing higher stiffness
while the copolymer PP contributes to a greater ductility and impact strength at low

temperatures.

The compatibility of NR and PP can be realised from the microstructures of the individual

polymers. At the molecular level, NR and PP are incompatible which will give rise to a
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two-phase blend but their solubility parameters are fairly similar and thus a stable
dispersion of NR particles in a PP matrix or vice versa is possible [58,59]. The
processing temperature is between 175 and 185°C and higher temperatures are
undesirable due to the possibility of oxidation of NR which becomes significant at
200°C and increases with temperature. The effect on the physical properties of TPNR
is minimal but oxidation will increase the odour and may affect the ageing of the
blend. To overcome incompatibility and produce a homogenised blend, the mixing of
the two polymers during blending requires an agent that can induce interactions within

the phases, between phases or at the interface [60].

In Natural Rubber processing, the normal and most effective crosslinking reagent is
either elemental sulfur or sulfur donating compounds where highly crosslinked systems
are desired [61]. However, in TPNR blends, partial crosslinking in the NR phase and
the formation of graft copolymers for interfacial adhesion between the NR and PP
phases are required. These reactions occur during blending and are induced by the
compatibilizer added. This process is categorised as reactive blending or dynamic

vulcanization.

Analogous to Natural Rubber vulcanization but with only partial crosslinking within
the NR phase, the curing reaction in TPNR can be affected by low concentrations of
elemental sulfur or sulfur donor efficient vulcanization systems such as thiuram
disulfides or dithiobismorpholine (DTM), dimaleimides, di-isocyanate derivatives and
tetramethylthiuram disulfide (TMTD) [56,62-64].

The effects of TMTD in the presence of zinc oxide, stearic acid and
3-mercaptobenzothiazole (MBT) on the degree of crosslinking in TPNR was studied in
relation to the physical properties exhibited. An improvement in the physical properties
observed was related to an increase in the crosslinking density. However, surface
blooming and odour resulting from residual chemicals in the TPNR were observed.
Dynamic curing of NR/PP blends by a mixture containing equal amounts of TMTD,
DTM and N-cyclohexyl- benzothiazole-2-sulphenamide (CBS) was also investigated and
it was found that the mechanical and physical properties were optimised at about

2 phr of each component [65].

Addition of free sulfur caused the properties to degrade. The sulfur releasing compounds
are also unsuitable to coexist with UV inhibitors (hindered amines) which are widely
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used in the stabilization of PP. Morphological studies by SEM showed that
crosslinking the elastomeric phase caused a change in the flow behavior of the
materials which accounted for the increase in tear resistance of the sulfur-cured TPNR

in comparison to the uncured system [66].

1.8 Theoretical aspects of compatibilization

A good compatibilizer should migrate to the interface and reduce the interfacial tension
coefficient, decreasing the dispersed phase dimensions, thereby stabilizing the blend
morphology and enhancing the adhesion between phases in the solid-state. Compatibilizing
agents often provide additional morphology stabilization by acting as a surfactant and
decreasing the interfacial surface tension. In general, the added compatibilizers, if compatible
with both phases, segregate preferentially at the interface and ensure strong interfacial
adhesion [67, 68].

A successfully compatibilized blend of moderate composition (up to 30 wt% minority
component) exhibits spherical dispersed phases with consistent diameters, averaging on the
micron and submicron scale. Such consistent morphologies can be achieved when the
compatibilizing agent provides a steric hindrance to the dispersed phase coalescence.
Compatibilizers which provide steric hindrances act as anchors for minority phase droplets in

the matrix, and also serve as repulsive “springs” when two droplets are in proximity [69].

1.8.1 Role of compatibilizers in blending processes

Compatibilizers are macromolecular species exhibiting interfacial activities in heterogeneous
polymer blends. Usually the chains of a compatibilizer have a blocky structure, with one
constitutive block miscible with one blend component and a second block miscible with the
other blend component. These blocky structures can be pre-made and added to the immiscible
polymer blend, but they can also be generated in-situ during the blending process. The latter
procedure is called reactive compatibilization, and mutual reactivity of both blend
components is required.

The lower the interfacial tension, the longer the stretching of the thread will proceed, the
smaller the diameter of the resulting thread will become, and, consequently, the smaller the
size of the generated droplets of polymer will be. Usually, an average particle size in the
sub-micron range can be achieved. In addition, the presence of compatibilizer molecules at

the surface of the small generated particles prevents coalescence from occurring during

24



Chapter | Theoretical Background and Literature Review

subsequent processing. Compatibilizers are thus able to generate and to stabilize a finer
morphology.

Finally, provided that each block of a poly(A-b-B) compatibilizer penetrates the parent phase
(A and B, respectively) deeply enough to be entangled with the constitutive chains, the
interfacial adhesion is enhanced. Good interfacial adhesion is essential for stress transfer from
one phase to the other one to be efficient and for cracks initiated at the interface to be
prevented from growth until catastrophic failure occurs. Refinement and stabilization of the
phase morphology and the enhancement of the interfacial adhesion usually upgrade an
inferior and useless immiscible polymer blend to an interesting material [70].

1.8.2 Non-reactive compatibilization (Physical compatibilization)

Non —reactive compatibilization commonly known as physical compatibilization involves the
compatibilization of immiscible blends by the addition of a third component as block and
graft copolymers, which do not react with the component polymers, or homopolymers. In the
compatibilization of an immiscible blend (A/B) by a symmetric copolymer A'-B' the
mechanism of the action of compatibilizer can be represented in Figure 1.9. If the block
A' mixes only with A and the block B' with B, the copolymer can located at the interface as
shown in the Figure 1.9 [70].

Compatibilizer

Bl W o W o}

A' : connection with polymer A
connection with polymer B

="~

A/B polymer blend Compatibilized blend

INTERFACE

Figure 1.9 Effect of compatibilizer A'-B' in the interface between the phases of two
homopolymers A and B [70].
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1.9 Literature Review

Research about TPEs, particularly that on TPNRs is very extensive. It originated in the early
1970°s after the successful synthesis of SBS thermoplastic elastomers, NR producers
wondering about eventual competition from synthetic rubber producers, had to develop a

NR-based thermoplastic elastomer.

Many aspects of this type of material have then been investigated. These include the
development of different types of TPNRs, the physical and/or chemical modification of the
blend components to meet specific requirements, and the study of different systems for the

dynamic vulcanization.

In this section and for the sake of illustration, a brief presentation of some of the works that

have been published and which covered different aspects of the subject, will be made.
These studies are presented in a chronological order.

Kuriakose et al. [71] investigated the effects of blend ratio, and various vulcanizing agents
namely: sulfur, peroxide, and mixed curatives (sulfur and peroxide) on the melt flow behavior
of thermoplastic elastomers from Polypropylene- Natural Rubber blends. The proportion of
rubber in the blend and the extent of dynamic crosslinking of the rubber phase were found to
have a profound influence on the viscosity of the blends. They have found that the viscosity
of the blend increased with the increase in the rubber content and the increase in the degree of

crosslinking of the rubber phase.

In another publication, Kuriakose et al. [72] investigated also the effect of dynamic
vulcanization of a 70/30 NR/PP blends on the dynamic mechanical properties. Their results
indicated that the increase in storage modulus and decrease in the loss modulus becomes more

remarkable as the extent of crosslinking increases.

Namita Roy Choudhury et al. [73] studied the thermal behaviour of natural rubber-
polypropylene thermoplastic elastomeric blends by a number of different techniques including
differential scanning calorimetry, thermogravimetry and dynamic mechanical analysis. EPDM
and chlorinated polyethylene (CPE) were added as interfacial agents to NR/PP blends.
DSC results showed a drop in the melting temperature (Tm) value with increasing rubber
content. The effect of the addition of 20 Phr of an interfacial agent, like EPDM or CPE,
showed similar effects. Heat of fusion (AHm) values exhibited a similar trend indicating

increasing isolation of the crystallizable component at high rubber content. There was a 79%
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drop in crystallinity with the incorporation of 70 Phr of natural rubber. They reported that the
Tg of the blends was higher than that of neat NR. The elevation of Tg coupled with the
depression of Tm indicated the Kinetic restriction on the crystallization process. The TGA
showed that the onset of degradation for neat PP was delayed with the addition of rubber.
Differential thermogravimetry (DTG) curves for the blends displayed two peaks. The highest
thermal stability was attained with the addition of ethylene-propylene diene rubber to the
NR/PP blend. Dynamic mechanical analysis showed the existence of two Tg values, one
corresponding to the amorphous phase and the other to the polypropylene phase, indicating
the incompatibility of the blends. The values of the elastic modulus also displayed a sharp
change in magnitude in the vicinity of the glass transition temperature. The intensity of the

damping factor (tan 6) peak was found to be governed by the overall blend crystallinity.

In another study, George et al. [74] have investigated the effect of blend ratio,
compatibilization, and dynamic vulcanization on dynamic mechanical properties of PP/NBR
blends using phenolic-modified PP (Ph-PP) and maleic anhydride grafted Polypropylene
(MA-g-PP) as compatibilizers. Their results indicated that the storage modulus of the blend
decreased with increase in rubber content and shows two relaxation peaks corresponding to
the Tg’s of PP and NBR indicating the incompatibility of the system. The addition of Ph—PP
and MA-g-PP increased the interfacial adhesion between the two phases and improved the
storage modulus of the blend at lower temperatures. The effect of dynamic vulcanization
using sulfur, peroxide, and mixed sulfur/peroxide system on the viscoelastic behavior was
also studied. Among these, the peroxide system shows the highest modulus and the sulfur

system the lowest. The mixed system showed an intermediate behavior.

The melt rheological behaviour of a 60/40 Natural Rubber (NR) /poly (methyl methacrylate)
(PMMA) compatibilized with Natural Rubber-grafted-poly (methyl methacrylate)
(NR-g-PMMA) was investigated by Zachariah Oommen and Sabu Thomas [75]. The
influence of dynamic vulcanization of the rubber phase on the flow behaviour and
morphological properties of the blends were investigated. They have found that the dynamic
crosslinking of the natural rubber phase and the addition of the compatibilizer increased the
viscosity of the system and reduced the domain size of the dispersed rubber phase in the

PMMA thermoplastic phase.

The properties and performance of TPE blends are critically dependent on blend morphology,

and the study of this morphology in terms of compatibility between elastomer/thermoplastic
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blends has received considerable attention during recent years. By the addition of a
compatibilizer to incompatible elastomer/thermoplastic blends, the interfacial tension can be
reduced and finer dispersion of the dispersed phase is achieved during mixing. For example,
H.M. Dahlan et al, investigated the effects of liquid natural rubber (LNR) as a compatibilizer
in binary blends of a 60/40 Natural Rubber/Linear Low Density Polyethylene NR/LLDPE on
the thermal, dynamic mechanical and morphological properties. Special emphasis was given
to the role of LNR in inducing interactions between NR and LLDPE. It was found that
increasing LNR content decreases Tm and AHm. The decrease reflects a reduction in the
degree of crystallinity of NR/ LLDPE blends. They reported also a shift in Tg of the blends to
higher temperatures as observed by DMA thermograms. The compatibilizer creates better
interactions between the phases leading to improvements in the compatibility of the blends.
Further confirmation was obtained through SEM examination. They have found that the
blends containing LNR were more homogeneous with smaller and more spherical honeycomb

structures [76].

In recent years, Atomic Force Microscopy (AFM) has also been widely used for the high
resolution imaging of TPE surfaces. For TPE and dynamically vulcanized blends, the
thermoplastic elastomer behavior is usually obtained for high concentrations of the elastomer
phase, e.g., higher than 50 Phr. This single argument on the concentration of the elastomeric
component has a huge consequence on the morphology. The simple blends with high
elastomer content tend to form a co-continuous morphology, where both elastomer and
thermoplastic constituents are interconnected throughout the whole bulk of the material .
However, in dynamically vulcanized blends, the elastomer (usually the major and initially
part of the co-continuous phase) becomes discontinuous and dispersed during dynamic
vulcanization. Eventually, the thermoplastic becomes the continuous phase surrounding the
crosslinked elastomer particles. This morphology transformation is known as phase inversion
[77].

Hua Huang et al. [78] used Maleic anhydride-grafted EPDM (EPDM-g-MAH) as a
compatibilizing agent for a TPV blend based on Ethylene Propylene Diene Rubber
(EPDM)/ Polyamide (PA). The phase morphology of EPDM/PA TPVs was investigated by
AFM. AFM images showed that, although there was a compatibilization reaction between
EPDM-g-MAH and PA, phase inversion always existed for EPDM/EPDM-g-MAH/PA TPVs
and the rubber phase could be finely dispersed in the PA matrix with increasing the

compatibilizer content.
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In another study, Riahi et al. [79], investigated the effect of Hexamethylene N, N’ bis
(tert-butyl peroxy carbamate) (HBTP) on the rheological behaviour of NR/PP blend. It was
found that varying the HBTP concentration had a great influence on the rheological behavior
as well as the dynamic and tensile properties of the material. The increase of HBTP dosage
resulted in an increase of the extent of crosslinking and caused an increase of the elastic
modulus and a reduction of the loss modulus.

Nakason and coworkers [80, 81] recently reported the effect of a PP-g-MA, and Ph-PP on the
properties of TPVs based on NR-g-MA/PP blends and ENR/PP blends using a sulfur
vulcanization system. They found that the blend compatibilizers promoted compatibility
between the constituent components and resulted in an improvement of the mechanical
properties. The increase in chemical interactions between the interfaces caused an
improvement of the interfacial adhesion and led to decreasing size of the dispersed domains

of the thermoplastic phase in the rubber phase.

In another study, Charoen Nakason et al. [82] reported also the influence of various levels of
epoxide groups on the mechanical and morphological properties of a TPV based on 75/25
ENR/PP blends using Ph-PP as a compatibilizer and sulfur as a curing system. Their results
indicated that the tensile strength and hardness properties increased with increasing levels of
epoxide groups in the ENR molecules. They attributed these effects to chemical interactions
between the methylol groups of the Ph-PP molecules and the polar functional groups of the
ENR molecules. They reported also that from SEM micrographs, a finer dispersion of
vulcanized rubber domains in PP matrix was observed with increasing levels of epoxide
contents. This corresponds to an increasing trend of strength and hardness properties of the
TPVs.

In another publication, Charoen Nakason et al. [83] investigated the effect of blend
compatibilizers namely: HDPE-g-MA and two types of phenolic modified HDPEs (phenolic
resins SP-1045 and HRJ-10518, i.e: PhSP-PE and PhHRJ-PE) on the mechanical properties of
thermoplastic elastomers based on ENR/HDPE. They have found that the blend with
compatibilizer exhibited superior tensile strength compared to that of the blend without
compatibilizer. The ENR and HDPE interaction via the link of compatibilizer molecules was
the polar functional groups of the compatibilizer with the oxirane groups in the ENR
molecules. Also, another end of the compatibilizer molecules (i.e., HDPE segments) was

compatibilizing with the HDPE molecules in the blend components. The blend with
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compatibilizer also showed smaller phase morphology than the blend without compatibilizer.
Among the three types of the blend compatibilizer, HDPE-g-MA provided the blend with the

greatest strength and hardness properties but the lowest set properties.

Thitithammawong et al. [84] investigated the influence of various ratios of sulfur to peroxide
during wvulcanization on the rheological properties of Natural Rubber/Polypropylene
thermoplastic vulcanizates (TPVs) blended at a fixed ratio of 60/40. The results showed that
the addition of the peroxide into the mixed vulcanization system has an important effect on
the properties of the TPVs as a result of two competing reactions which occur simultaneously
in the natural rubber and the polypropylene phases. These are crosslinking reactions of NR
molecules with different crosslink patterns, crosslink density being caused by the proportions
of sulfur and peroxide curing agents and the degradation of the PP through B-chain scission.
This caused significant variations in the phase morphology of the TPVs and the crystallization
of the PP. Further, different trends of changes in properties were observed according to the
peroxide content in the mixed vulcanization system. They have also found that a ratio of
70/30 parts of sulfur to peroxide provided a better overall balance of properties of the NR/PP
TPVs than those of TPVs produced using sulfur or peroxide alone or other ratios of mixed

sulfur/peroxide vulcanization systems.

The effects of blend ratios and dynamic vulcanization on the rheological, mechanical, thermal
and morphological properties of thermoplastic elastomers based on Natural Rubber
/Polypropylene were also investigated by Fabio Roberto et al [85]. The TPVs were obtained
by dynamic vulcanization of NR/PP using a sulfur (S)/N-tert-butyl-2-
benzothiazolesulphenamide (TBBS) and tetramethylthiuram disulphide (TMTD) curative
system during processing in the melt state in an internal mixer. It was reported that the
dynamic vulcanization process increases the stiffness of the NR phase and modifies the
rheological and thermal behavior of the system compared to the behavior of the basic material
PP. The crosslinked NR particles restrict the spherulitic growth and the regular arrangement
of the spherulites of PP phase, decreasing the crystallinity degree. On the other hand, a
reduction of mobility of the chain segments was also observed and, consequently, an increase
of the Tg values. NR/PP TPVs with high content of NR showed superior mechanical
performance compared to the uncrosslinked NR/PP blends in terms of tensile strength, and
Young’s modulus and hardness. An increase of approximately 320% in Young’s modulus

values was obtained for the NR70/PP30 TPE compared to uncrosslinked NR/PP 70/30.
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Morphological studies revealed the formation of large aggregates of NR domains in NR/PP
TPEs which increased in size with an increase of the rubber content.

Samia Benmesli and Farid Riahi [86] investigated the effects of a chemically modified NR/PP
thermoplastic elastomer blend on the dynamic mechanical and thermal properties. They
reported that, the dynamic mechanical analysis showed an increase of the glass transition
temperature by 5 °C and a disappearance of the B transition peak for NR-g-MAH/PP-g-MAH
with respect to the unmodified NR/PP blend. The DSC analysis showed a slight increase of
the fractional crystallinity of polypropylene for the dynamically vulcanized and grafted
blends, and for whom these effects are due to the enhancement of the interactions that

developed between the two polymers as a result of the grafting.

In another publication, Harekrishna Panigrahi et al [87] have studied the compatibilization of
a thermoplastic elastomer based on PP and epichlorohydrin rubber (ECH) using PP-g-MA as
a compatibilizer. They have found that, in the absence of the compatibilizer, PP/ECH blends
showed very poor mechanical properties, especially low elongation at break values and higher
tension set values. This was attributed to the poor compatibility between PP and ECH. On the
other hand, in the case of compatibilized PP/ECH blends, PP-g-MA acted as a strong
interfacial agent between PP and ECH phases and led to an outstanding improvement in the
mechanical and rheological properties. Compatibilized PP/ ECH blends showed higher
mixing torque values in comparison to the incompatible PP/ECH blends due to the existence

of a better interaction between PP and ECH in the presence of PP-g-MA.
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Chapter |1 Materials and Experimental Procedures

I1.1 Introduction

The materials and experimental methods used for the present investigation are discussed in
this chapter. A brief account of the material characteristics, the compatibilizers preparation
and characterization of the blends is given. Different instrumentation techniques used for the
characterization of the samples are explained. The different methods include spectroscopic
structural analysis; melt rheological behavior, mechanical property measurements, dynamic
mechanical analysis, scanning electron microscopic analysis, atomic force microscopy,
differential scanning calorimetry, and thermogravimetric analysis are also given.

The section covering blend preparation is divided into two parts:

I-First part: Preparation of the thermoplastic elastomer from 70/30 NR/PP blends;
I1-Second part: Preparation of the thermoplastic vulcanizate based on70/30 NR/PP systems.
It should be remembered that the main objective of this work is to:

1- Study the effect of the incorporation of two types of compatibilizing agents
(i.e: ENR2s/PP-g-MA, and ENRso/PP-g-MA) at different concentrations: 5, 10, and
15 Phr on the rheological, mechanical, dynamic mechanical, morphological, and
thermal properties of the 70/30 NR/PP blend.

2- Study the effect of the epoxidation level: two levels of epoxidation in ENR
(i.e: ENR2s and ENRsp with 25 and 50 mole % epoxide, respectively) were used to
prepare the CAs-containing NR/PP blends.

3- Study the effect of dynamic vulcanization by using a sulfur donor system; namely:
Tetramethylthiuram disulfide (TMTD), 4,4’-Dithiodimorpholine (DTDM) , and
N-Cyclohexyl-2-benzothiazole sulfenamide (CBS).

First, a preliminary study was carried out in order to choose the best-operating conditions
(mixing time, the temperature of the mixing chamber, speed of the rotors, etc.). In fact, in a
previous study carried out in Institute of Polymer Science and Technology, CSIC, Madrid, it
was found that the formulations with sulfur exhibit higher reversion at high temperature. So in
our work, an attempt was made to design a proper formulation for the dynamic vulcanization
and which would offer a longer scorch time and a lower reversion. Additionally, the cure
characteristics including induction time, vulcanization rate and the reversion behavior were

studied using the curing curves obtained from RPA2000. The effect of the vulcanization
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system on the rheological, mechanical, dynamic mechanical, morphological and thermal
properties of the TPVs was then investigated.

Taking into account the high temperature needed for mixing NR and polypropylene and the
advantage of a longer time for mixing to allow a fine dispersion of the rubber phase, several
curing systems were designed and the time of curing and reversion at 180°C and the
mechanical properties were measured. From the results, an optimum curing system was

selected for TPV formulation.

11.2 Materials used
The characteristics of the materials used in this study are listed below:

11.2.1 Polymers
* Natural Rubber (NR)

The NR was of a commercial grade and was supplied by HB Chemical (Enterprise
Parkway Twinsburg, USA). The natural rubber is an SVR-CV60 grade with a density of
0.93 g/cm® and a Mooney viscosity My (1+4)100 of 60.

* Epoxidized natural rubber (ENR)

The ENR grades contained either 25 or 50 mol % epoxidation (denoted furtheron ENR3s
and ENRsg, respectively) were obtained from Kumpulan Guthrie Sdn.Bhd., Seremban,
Malaysia. The Mooney viscosities measured at M (1+4) 100 °C were 110 (ENR,s5) and
140 (ENRsp). Their glass transition temperatures were -47 °C, -24°C, and a density of
0.97gr/cm®, and 1.2gr/cm?, respectively.

* Polypropylene (PP)

The Polypropylene was of commercial grade and was supplied by Entreprise Nationale
des Plastiques et Caoutchoucs (ENPC, Setif), was a commercial injection molding grade
(CLYRELL RC1314) from Lyon dell Basel having a density of 0.90 g/cm® and a melt
flow index (MFI) (230°C/ 2.16 Kg) of 9 g/10 min.

* Poly(propylene-g-maleic anhydride) (PP-g-MA)
Poly (propylene-g-maleic anhydride) copolymer with a MFI of 115 g/10 min at 190°C and
0.6 wt% maleic anhydride content was supplied by Aldrich Chemicals (Germany).
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A full description of the polymers used is given in Table 11.1

Table 11.1 Description of the polymers used in this study.

Materials Commercial designation Supplier Properties
NR SVR-CV60 HB Chemical (Enterprise ~ Mooney viscosity M (1+4) = 60 at 100 °C
Parkway Twinsburg, USA). d=0.93 gr/cm®
ENR2s Epoxyprene »s5 Kumpulan Guthrie Mooney viscosity M (1+4) = 110 at 100 °C
Sdn.Bhd., Seremban, d=0.97 gr/cm®
Malaysia.
ENRso Epoxyprene 5o Kumpulan Guthrie Mooney viscosity M (1+4) = 140 at 100 °C
Sdn.Bhd., Seremban, d=1.2 gricm®
Malaysia.
PP CLYRELL RC1314 Lyon dell Basell. MFI= 9.0 gr/10 min,d= 0.90 g/cm®

PP-g-MA Maleic Anhydrid- Sigma-Aldrich ,Germany MFI=115 g/10 min,d= 0,95 g/cm®
grafted Polypropylene

11.2.2 Compatibilizers (CAs)

The compatibilizers that will be referred to as CAzs and CAsy were a 50/50 blend of
ENR2s/PP-g-MA and ENRso/PP-g-MA respectively. The CAs were prepared using a
Brabender Plastograph® internal mixer preheated at 180°C, using a cam-type mixer with a

rotor speed of 60 rpm.

11.2.3Chemicals

* Zinc oxide

Zinc Oxide (ZnO) was used as a co-activator in the sulfur vulcanization system. It is a white
powder with a density of 5.606 g/cm3. It was manufactured by Sigma-Aldrich (Germany).

* Stearic acid
Stearic acid (C1gH3602) was used as an activator in the sulfur vulcanization system. It is a
waxy white solid with a density of 0.847 g/cm®. It was manufactured by Sigma-Aldrich
(Germany).

* N-cyclohexyl-2-bezonthiazole sulfenamide
N-Cyclohexyl-2-benzothiazole sulfenamide (CBS), is an accelerator of the sulphenamides
family. Its molecular formula is C13H16N2S,, and its chemical structure is given in Figure 11.1

below, and it was provided by Flexsys (Brussels, Belgium).
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Figure 1.1 Chemical structure of N-cyclohexyl-2-bezonthiazole sulfenamide.

*  Tetramethylthiuram disulfide

Tetramethylthiuram disulfide (TMTD) is widely used in rubber processing as an ultra
accelerator of the thiuram sulphide family (Figure 11.2). It can be used without sulphur

(2 -4% on the weight of the gum) as a sulfur donor. It was manufactured by Sigma-Aldrich,

Germany.
HsC C s
/"
NN _. Ccos-Ss_ CoTF
~ Il Il T
HsC =t = CEs

Figure 11.2 Chemical structure of tetramethylthiuram disulfide.

* 4.4'-Dithiodimorpholine

4,4'-Dithiodimorpholine (DTDM) is mainly used as a vulcanizing agent and accelerator
for natural rubber and synthetic rubber (Figure 11.3). Under vulcanizing temperature, it
can decompose as active sulfur, whose content is 27%. In crosslinking reaction, it mainly
forms monosulfidic crosslinks. This product, which has the characteristic of processing
safely, is wusually used together with such accelerators as thiazoles, thiuram,

dithiocarbamates, and it was provided by Flexsys (Brussels, Belgium).

Figure 11.3 Chemical structure of 4,4'-Dithiodimorpholine.

The solvents used; namely: toluene, deuterated toluene-d8, xylene, tetrahydrofuran (THF)
deuteratedchloroform-d8 (CDCI3), and cyclohexane were of a laboratory reagent grade

material and were purchased from Sigma-Aldrich (Germany).
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11.3 Experimental procedures

11.3.1 Compatibilizing agents and blends preparation

Melt mixing of CAs as well as TPE blends were carried out in a Brabender Plastograph
internal mixer (model EC) with a mixing chamber of 80 cm? (Figure 11.4). The mixer was
heated at 180°C, and mixing was carried out using a cam-type mixer with a rotor speed of

60 rpm.

hEC

Figure 11.4 Brabender Plastograph™="- internal mixer.

11.3.1.1 Preparation of the ENR/PP-g-MA compatibilizers (CASs)

PP-g-MA was first incorporated into the mixing chamber of a Brabender Plastograph and
preheated for 5 minutes without rotation at 180°C. The polymer was then melt mixed for
3 minutes at a rotor speed of 60 rpm. ENR was then added and mixing was continued for
4 minutes. The final product was cut into small pieces.

11.3.1.2 Preparation of TPE based on NR/PP blends

In this study, all the NR/PP blends contained 70/30 rubber to plastic ratio. In a typical
procedure, the control 70/30 NR/PP blend was prepared by first introducing PP in the mixing
chamber and preheated for 5 minutes without rotation, and it was let to melt mixed for
2 minutes at a rotor speed of 60 rpm. Then NR was added and the two polymers were allowed
to blend for 10 minutes. At the end of the mixing process, the molten mixtures were removed
from the plastograph chamber, and cooled down in open air to room temperature.

The blends containing the compatibilizing agents CA,s and CAsp were prepared in the internal
mixer chamber at a three-step process. First, neat PP was introduced and sheared for
2 minutes. Neat NR was then added and mixed with PP for 4 minutes. Finally, the
compatibilizing agents were added and mixed for 4 minutes. The compositions and

designations of the different studied TPEs are presented in Table 11.2.
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Table 1.2 Compositions and designations of the different TPE blends in parts per hundred

parts of rubber (phr).
Materials Compositions, content (phr)
Designations CAzs CAs BO Bl B2 B3 B4 B5 B6
NR - - 70 70 70 70 70 70 70
PP - - 30 30 30 30 30 30 30
ENRs/PP-g-MA 50/50 - - 5 10 15 - - -
ENRso/PP-g-MA - 50/50 - - - - ) 10 15

11.3.1.3 Preparation of TPV based on NR/PP blends

The dynamic vulcanized blends were prepared according to the following procedure:

First NR was masticated in a two-roll mill (Comerio Ercole S.P.A model, Busto Arsizio, Italy)
at room temperature for 3 minutes before adding the vulcanizing system which consisted of
ZnO, stearic acid, CBS, TMTD, DTDM (Table 11.3). It is to be noted that it was found, after
a preliminary study, that the best mechanical properties of the vulcanizates would be obtained
if the above ingredients were incorporated in the listed order. The resulting paste
(NR/vulcanizing ingredients (V1)) referred to as NR/VI compound was stored in a refrigerator

for 12 hours in order to avoid premature vulcanization.

The 70/30 NR/PP TPVs were then prepared via dynamic vulcanization during melt mixing
using a Haake Rheocord 90 at 180°C. The PP was first preheated for 5 minutes in the mixing
chamber without rotation. It was then melted for 2 minutes at a rotor speed of 60 rpm. The
compatibilizer was incorporated and mixed for 2 minutes. The NR/VI compound was then
added and mixing was continued until a plateau mixing torque was reached. The blend

products were finally pelletized and the final product was cut into small pieces.

The compositions and designations of the different TPVs studied are presented in Table 11.3
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Table 11.3 Compositions and designations of the different TPV blends.

Materials Compositions, content (phr)
Designations CAx»s CA;x BOV BlvV B2V B3V B4V B5V Bo6V

NR - - 70 70 70 70 70 70 70
PP - - 30 30 30 30 30 30 30
ENR2s/PP-g-MA 50/50 - - 5 10 15 - - -
ENRso/PP-g-MA - 50/50 - - - - 5 10 15
Zn0O - - 5 5 5 5 5 5 5
Stearic acid - - 2 2 2 2 2 2 2
CBS - - 2 2 2 2 2 2 2
TMTD - - 2 2 2 2 2 2 2
DTDM - - 2 2 2 2 2 2 2

1.4 Moulding of samples

The samples for testing were stamped out from 1 mm thick sheets prepared by compression
molding at 180°C and using an electrically heated hydraulic press (Gumix- hydraulic press
Model Guix-TP 300/450/1). Teflon sheets were used to allow an easy release of mouldings.

The following procedure was used:

First the sheeted blend was put into the cavity of a square mold and pressed under 50 bars for
5 minutes before lowering the pressure back. Second, without taking out the platens the
pressure was raised to 150 bars and the material was pressed for 2 minutes. After releasing the
pressure again, a final pressure of 200 bars was applied for 8 minutes. Finally, the cooling

took place inside the hydraulic press under cold water circulation.

11.5 Characterization techniques
11.5.1 Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra were obtained using a Perkin-Elmer spectrum one series equipment and the

attenuated total reflection (ATR) technique was adopted. The selected spectrum resolution

and the scanning range were 4 cm™ and 650-2000 cm™, respectively.

FTIR samples of PP-g-MA, CAys, and CAsy were obtained by pressing in an electric press
heated at 180°C under a pressure of 150 kg.cm™. But for ENR,s and ENRsg, it was not
possible to obtain thin films by pressing because the material, at such a high temperature,
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sticks to the Teflon film used to cover the plates. As a result, the specimen were prepared
using the casting method (Figure 11.5), which consisted of dissolving small chunks
(approximately 80 mg) as shown in Figure 11.5.1 in toluene at 80°C for ENRys and in
tetrahydrofuran (THF) at 40°C for ENRsp under continuous stirring for 12 h (Figure 11.5.2).

The resulting solutions were then poured on glass plates (Figure 11.5.3), and after drying at

room temperature, thin films were peeled off (Figure 11.5.4).

1) ) (©) (4)
Figure 11.5 Chemical method for the preparation of thin films of ENRs.
11.5.2 Proton Nuclear Magnetic Resonance Spectroscopy (‘*H-NMR)

The 'H-NMR experiments were performed on a Bruker 400 MHz instrument operating at
400 MHz. The spectra were acquired and processed using the Mestre-Nova software.
Deuterated Chloroform and Toluene-d8 were used as solvents as well as internal references
8 [*H]cHei= 7.26 ppm and & [*H]toene-ds= 2.08 ppm. Before analysis, a sample of
PP-g-MA (about 30 mg) was dissolved in Toluene-d8 (0.7 mL) at 25°C in a 10 mm Wilmad
NMR tube (Sigma-Aldrich). However, ENR,s, and ENRsy were dissolved in Deuterated
chloroform CDCls.In this part also, great efforts have been made to dissolve the
compatibilizing agents in many solvents, namely: toluene, deuterated toluene-d8, hot xylene,
tetrahydrofuran, and deuterated chloroform-d8.0Once the sample was completely dissolved,
the tube was inserted in the spectrometer; the homogeneity of the magnetic field (shims) was

carefully adjusted before acquisition.
11.5.3 Rheological Measurements
11.5.3.1 Brabender Plastograms

The study of the rheological behavior of CAs as well as the TPE and TPV blends was
performed using the rheograms giving the variations of the torque as a function of mixing

time, recorded during the blends melt mixing within the internal mixer.
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11.5.3.2 Rubber Process Analyzer (RPA)

The processing characteristics of the compounds were monitored using a Rubber Process
Analyzer (RPA 2000, Alpha Technologies, USA) which was used to measure the viscoelastic
properties of the TPNR. This equipment operates with a temperature accuracy of +0.1°C and
can be operated with strain and frequency sweeps in wide ranges of strain amplitude and
temperature. In this work, measurements were carried out following the frequency sweep

method.

Approximately 4 g of each sample were charged into the measuring chamber with a bi-conical
moving die (Figure 11.6) and the rheological characteristics for TPE and TPV blends were
measured at 150°C, 170°C and 190°C with an applied strain amplitude of 0.5° arc
(approximately 5.02% strain). The frequency sweep ranged from 0.018 to 33.33Hz. The shear
storage modulus (G'), and complex viscosity (n*) were recorded at each frequency and

temperature.

Oscillating bottom plate

Vulcanized rubber

RPA 2000

Cross-sectional view
Seal Plates Upper Die

 — | e
S Rss” BE* 383 \

| 1 A——
| »

{

Specimen Ogcillating Lower Die
" Elastomeric seals

Figure 11.6 Rubber Process Analyzer (RPA 2000, Alpha Technologies, USA).
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11.5.4 Swelling Index

In order to characterize the extent of crosslinking for the dynamically vulcanized blends, the
swelling index was determined by first measuring the weight of a sample before immersion
into cyclohexane for 24 hours at room temperature. The rectangular specimen of a length of
1 cm and a width of 1 cm with a thickness of 1mm was then removed from the solvent and
wiped thoroughly to remove excessive solvent and reweighed again. The swelling index was

calculated as:
Swelling Index= Swollen Weight/ Original Weight.

11.5.5 Stress-Strain behaviour (Tensile Test)

The tensile test was performed on INSTRON-3366 testing machine using dumbbell
specimens of Type 4 following the UNE-ISO 37 test method at a cross-head speed of
200mm/min. and the machine recorded the load-extension curve. The tensile strength was
calculated as the maximum load divided by the cross-sectional area of the specimen. Average
values from seven measurements were calculated for each formulation.

11.5.6 Dynamic Mechanical Thermal Analysis (DMTA)

The dynamic mechanical properties of the blends were determined using a DMA 861F
METTLER- TOLEDO equipment. Measurements of the storage modulus E', the loss modulus
E" and the dissipation factor tan 6 were carried out in the temperature range of-100 °C to
100 °C at a heating rate of 2°C/min. Rectangular samples (30 x 5 x1) mm? were vibrated in
tension mode at a frequency of 1Hz and a strain amplitude of 0.2 mm.

11.5.7 Scanning Electron Microscopic Analysis (SEM)

Morphological characterization was performed using a scanning electron microscope (SEM)
model SU-8000 for TPE and model XL30 Philips for TPV blends. The molded samples of the
thermoplastic elastomers and thermoplastic vulcanizates were cryogenically cracked in liquid
nitrogen to avoid any possibility of phase deformation. The PP phase was preferentially
extracted by dissolving the fractured surface in hot xylene for 30 min. The specimens were
then dried in a vacuum oven at 40°C for 12 h to eliminate the contamination of the solvent.

The dried surfaces were later gold-coated and examined by scanning electron microscopy.
11.5.8 Atomic Force Microscopy (AFM)

The sheet sample was cut by a Leica EM UC6 ultra-microtome at -150°C to obtain a flat

surface for AFM analysis.
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Atomic force microscopy images were taken using a Multimode AFM (Veeco Instruments
Santa Barbara CA, USA) equipped with a Nanoscope Iva control system /software version
6.14r. Topographic height and phase images were recorded in the tapping mode at air, using a
tip with 42 N/m of spring constant and the cantilever was oscillated at its resonance frequency
of 300 kHz. Scanning was done at least at 3 different positions of each sample, at a resolution
of 512x512 pixels. Samples were scanned over square regions of 2 pm size.

Analyses were performed at 25°C and the Nanoscope image processing software was

employed to analyze the images.

11.5.9 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) analysis was performed to characterize the thermal
properties of the blend and to study the effect on the thermal transitions. The test was carried
out using a METTLER-TOLEDO DSC 822F calorimeter under nitrogen atmosphere. The
weight of all samples was approximately 12 mg. The samples were programmed to be cooled
at a rate of -10° C/min from 25°C to -90°C then heated at 10° C/min to 200° C in nitrogen
atmosphere to eliminate previous thermal history and were held at this temperature for 5 min
to ensure complete melting before starting the cooling. Cooling was carried out from 200°C to
—90°C at -10°C/ min followed by second heating from —90°C to 200°C at 10°C/min.

The fractional crystallinity y. was calculated using the following equation, taking into account
the PP content in the blends which changes depending on its content in PP-g-MA in the
compatibilizing agents:

Where y. is the percentage crystallinity of PP in the blend, AHp, the fusion enthalpy,
AHp (209.3 J/g) is the fusion enthalpy of a 100% crystalline PP [1], and ¢ is the weight

fraction of PP in the blend.

11.5.10 Thermogravimetric Analysis (TGA)

Thermogravimetric (TGA) analysis of the samples was carried out in a nitrogen atmosphere at
a heating rate of 10°C/min in a TGA instrument Q500 V20.13 BUILD 39, with a constant
weighed quantity of samples in all cases (10 mg). Thermograms were recorded from room
temperature to 600°C. The onset of degradation and the residue left at 600°C were then
estimated. The temperature at which the rate of the mass loss is at the maximum (Tmax) was

evaluated from the differential thermogravimetry (DTG) curve.
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Chapter 111 Spectroscopic Structural Analysis and Melt Rheological Properties

I11.1 Introduction

Upon blending ENR with PP-g-MA, these two polymers react with each other through their
functional groups. Therefore, and in order to check this possibility, Fourier-Transform
Infrared Spectroscopy (FTIR) was carried out. In addition to FTIR spectroscopy, there is
another technique namely Nuclear Magnetic Resonance (NMR) which was also used for

structure analysis.

I11.2 Fourier transform infrared spectroscopy of the CAs

Figure 111.1 (a, b, c) shows the FTIR spectra of PP-g-MA, ENR, and ENR/PP-g-MA blend
respectively. The spectrum of PP-g-MA exhibits three characteristic bands at 1854, 1785, and
1710 cm™. The first two bands are due to the symmetric and asymmetric C=O stretching
vibrations of maleic anhydride while the last one is attributed to the vibration of the C=0
group of an acid function. These bands are justified by the opening of the maleic anhydride
ring because of its susceptibility to undergo hydrolysis [1]. On the other hand, the spectrum
of ENR (Figure I11. 1 b) presents three main bands at 1250, 875, and 840 cm™. The first two
bands correspond to the stretching of the epoxide group. The band which appeared at
840 cm corresponds to the C=C groups of the polyisoprene (NR) chain.

The spectrum of ENR/PP-g-MA indicates that all the bands assigned to anhydride groups
have disappeared because of their reaction with the epoxide groups of ENR. However, the
epoxy characteristic groups bands at 1250, 875, and 840 cm™ are still present. This suggests
that not all the epoxy functional groups have reacted. Moreover, a new absorption band
appears at 1735 cm™. This band is due to the stretching vibration of the carbonyl groups
(C=0) and is attributed to the formation of an ester function. These findings demonstrate that
a chemical reaction occurred between PP-g-MA and ENR.They are in accordance with the
chemical reaction mechanism proposed by C. Nakason et al. (Scheme 111.1) [1]. According to
this mechanism, the maleic anhydride group in PP-g-MA undergoes ring opening under the
presence of moisture (H,O) to produce succinic acid which further reacts with the epoxy
groups of ENR to form epoxidized natural rubber-grafted polypropylene characterized by an
ester and acid-based crosslink. The FTIR analysis allowed therefore confirming that mixing
PP-g-MA with ENR resulted in a blend which has a structure that would compatibilize the

NR/PP thermoplastic elastomer.
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Figure 111.1 FT-IR spectra of (a) PP-g-MA, (b) ENR2s and (c) ENR,s/PP-g-MA.
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Scheme 111.1 Possible mechanism of the chemical reaction between PP-g-MA and ENR

molecules [1].
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I11.3 Nuclear magnetic resonance spectroscopy of the raw materials
111.3.1 Characterization of the ENR structure

The 'H-NMR technique was used to analyze the molecular structure and to determine the
exact level of epoxide content in the ENRs. Deuterated chloroform (CDClIs) was used to
dissolve the ENR samples. The *H-NMR spectra of the ENRs are shown in Figure 111.2 and
Figure 111.3 respectively. The integral values under these peaks at 2.7 and 5.1 ppm are taken

to calculate the epoxide content in ENR according to Equation 2 [2].

Epoxide content (mol%) = 1 27 v100....... (2)

2.7+151

Where | ;7and Is; are the integrals of the absorption peaks at the chemical shifts of 2.7and 5.1
ppm, respectively. In this experiment, the integrals at chemical shifts of 2.7 and 5.1 ppm were
0.44 and 1.00 for ENR35; 1.26 and 1.00 for ENRso, respectively.

Table 111.1 presents the exact level of epoxide content that was determined by *H-NMR

technique.

Table 111.1 Exact level of epoxide content determined by *H-NMR technique.

Epoxidized Natural Rubber Epoxide content (mol %)
ENR2s 30.55 mol% epoxide groups
ENRs 55.75 mol% epoxide groups

The 'H-NMR spectrum of ENRgs (Figurelll.2) shows the presence of signals at 5.1 and
2.7 ppm, assigned to the olefinic proton of cis-1,4-polyisoprenic structure and the methyne
proton adjacent to the epoxide ring, respectively. The signal of methyl group adjacent to the
epoxide unit was observed at 1.3 ppm. The residual unreacted unsaturation exhibited the
signals of methyl and methylene protons next to the carbon— carbon double bond at 1.7 and
2.1 ppm, respectively. These results are in agreement with those of a recent work by Yokshan
[3] and Hamzah et al [4]. The peak positions obtained from the *H-NMR spectrum of ENR

are represented in Table 111.2.
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Figure 111.2'"H-NMR spectrum of 25 mole% Epoxidized Natural Rubber in CDCls.

Table 111.2 Peak assignments in the!H-NMR spectrum of ENRs.

Peak position (ppm) Characteristic group

1.3 Methyl of epoxy group

1.7 Methyl

2.1 Methylene

2.7 Methyne of epoxy group

5.1 Unsaturated methyne/olefinic hydrogen

The 'H-NMR spectrum of the ENRsy which is presented in Figure 111.3, shows the

characteristic signals of methyl, methylene, and unsaturated methyne protons of

cis-1,4-isoprene units appeared at 1.7, 2.1 and 5.1 ppm, respectively. It also shows two

additional signals that appeared at 1.3 and 2.7 ppm which represent the methyl and methyne
protons of the epoxy group, respectively.
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Figure 111.3 *H-NMR spectrum of 50 mole% Epoxidized Natural Rubber in CDCls.

111.3.2 NMR analysis of maleic anhydride grafted polypropylene

Figure 111.4 presents the *H-NMR spectrum of PP-g-MA. It shows a signal at about 7.00 ppm
which is the characteristic of Toluene-d8.The succinyl functional groups of maleic anhydride
are generally found in the region of 2-3 ppm. However, this peak appears in the spectrum in
the region of (5: 2.1-2.5 ppm) as a very tiny peak. In fact, it appears as a small shoulder
(shown in the enlarged view) which confirms the grafting of MA on PP, but it is too small to
be quantified in terms of MA grafting content. This confirms the low grafting content of
0.6 wt % reported by the PP-g-MA supplier [5].
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Figure 111.4 'H-NMR spectra of maleic anhydride —grafted- Polypropylene in Deuterated
Toluene-d8.

111.3.3 Characterization of the CAs structure

An attempt was made in order to characterize the CA structure by means of the *H-NMR
analysis. However, upon the sample preparation, no solvent could dissolve this material. In
fact, all the solvents including deuterated toluene-d8, deuterated chloroform-d8 (CDCls),that
have been used failed to produce a single phase solution. Dissolving the CA in hot xylene
(80°C) even for 48 hours produced only a swollen gel. This could confirm the fact that

blending of ENR with PP-g-MA lead to a crosslinked structure.
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I11.4 Rheological characterization

Rheology has always been considered a strong characterization tool due to the existing highly
reciprocal relationship between rheology and morphology. Generally several factors such as
the intrinsic rheological properties of the constituent polymers, the interfacial properties, and
eventually the presence of several additives such as compatibilizers drastically affect the
rheological response of the polymeric materials [6-17].

In this chapter, the results of the rheological characterization by means of the Brabender
internal mixer, and the RPA will be discussed.

111.4.1 Study of the brabender plastograms

The progress of mixing and dynamic vulcanization can be appropriately followed by
monitoring torque with mixing time. The variation of torque with mixing time for the
unvulcanized and the dynamically vulcanized thermoplastic elastomer blends of 70/30 NR/PP

are shown in the following plastograms.

111.4.1.1 Plastograms of unvulcanized NR/PP TPE blend

Figure 111.5 presents the plots of the variation of the torque with mixing time for neat NR,
neat PP and their 70/30 NR/PP TPE blend. The data points shown were selected from the
actual Brabender plastograms. Each plastogram was obtained separately for the different
blends studied. These plastograms are characterized by an initial sharp rise of the torque
which corresponds to the time of the introduction of the polymer inside the mixing chamber.
As the material is masticated and starts to melt the resistive torque decreases progressively
until it reaches a constant level indicating a state of stabilization. It is shown that NR
exhibited higher value of maximum torque than that of PP and would need a prolonged
mixing time to reach a final stabilization torque, and that the plastograms of the 70/30 NR/PP
blend exhibited intermediate values between those of PP and NR. This could be attributed to
the fact that NR has a very high molecular weight and therefore requires mastication,
compared to PP, especially the injection-molding grade used in this study with a high value of
MFI, is more shear sensitive. This is reflected in the plastograms where it is observed that the
decrease of the torque of neat PP, after its introduction in the mixing chamber, is much more

pronounced than that of NR.
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Figure 111.5 Plastograms of neat NR, neat PP, and the control NR/PP TPE blend.

111.4.1.2 Plastograms of the compatibilizing agents (CAzs, and CAs)

Figure 111.6 presents the plastograms for the two polymers used to prepare the
compatibilizing agents CAzs and CAsp; i.e. the 50/50 blend of ENR with PP-g-MA, along
with the plots of the temperature evolution that accompanies the variation of the torque with
mixing time. These curves show also a similar general form as that noted for neat components
(neat NR, and neat PP). That is an initial increase of the torque which corresponds to the time
when PP-g-MA was first introduced in the mixing chamber, then as this polymer was sheared
the torque decreased before levelling off. When ENR was added the plastograms exhibited a
rapid increase followed by a slight reduction of the mixing torque. There is a second increase
of the moment that follows and lasts for almost 1 min. The torque then further levels off
indicating a final state of homogenization of the resulting blend. The increase of the torque
that precedes the final plateau is attributed to the crosslinking reaction which took place
between ENR and PP-g-MA. This means that the formation of crosslinks restricted the
mobility of the polypropylene chains and those of epoxidized natural rubber and therefore
increased the viscosity of the resulting CA,s and CAs leading to a rise in the torque, which
was accompanied by a rise of the temperature from 154 °C to 180 °C, and confirming hence

the reaction mechanism proposed by C. Nackason and coworkers [1].
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Figure 111.6 Plastograms and evolution of temperature with mixing time for

CA25:ENR25/PP-g-MA, and CAsp:ENRso/PP-g-MA.

111.4.1.3 Plastograms of CA;5s and CAs-containing NR/PP TPE blends

Figure 111.7 and Figure 111.8 present the effects of the addition of CA,s and CAsy at
concentrations of 5, 10, and 15 phr on the plastograms of the NR/PP/CA,s and NR/PP/CAs
respectively. We can observe that in addition to the first two peaks, which correspond to the
introduction of PP, and the addition of NR respectively, there is a new third peak. Its portion
where the torque increases reflects the interaction of CA,s and CAsg with PP and NR. This
moderate increase could be explained by the fact that this interaction is inherent to only
physical interactions that developed, on one hand between PP chains and those of the
PP-g-MA present in the compatibilizing agent, and on the other hand between NR chains and
those of ENR.We note also that the decrease that follows was milder in the case of CAsgp than
that in CAs. This means that the higher the epoxidation level in the compatibilizing agent the
softer the material gets causing a decrease of the viscosity. This behavior which is assimilated
to a plastization effect is justified also by the lower value of the final torque (the plateau

torque) in the case of the CAso-based system compared to that in the CAzs modified one.
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Figure 111.7 Plastograms of B0: NR/PP, B1: NR/PP/CA.s (5 phr), B2: NR/PP/CA;s (10 phr),
B3: NR/PP/CAs (15 phr).
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Figure 111.8 Plastograms of BO: NR/PP, B4: NR/PP/CAs (5 phr), B5: NR/PP/CAs, (10 phr),
B6: NR/PP/CAs (15 phr).
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111.4.1.4 Plastograms of dynamically vulcanized NR/PP blends

The evolution of the torque-time curves of the dynamically vulcanized 70/30 NR/PP
thermoplastic vulcanizates (TPVs) and those of the CAys and CAsp-containing TPVs are
presented in Figures 111.9, and Figure 111.10, respectively. It is to be recalled that a
preliminary study was carried out in order to choose the best dynamic vulcanization system in

terms of type and concentrations of the curative (See Table 11.3 in the second chapter).

These plastograms are denoted by the letters (A B C D EF G H |1 J K) in order to mark
individual effects of the curatives and those of the CAs and taking into account the order of
incorporation of each ingredient. It is to be recalled also that the different ingredients were

incorporated according to the following sequence:

PP was first preheated for 5 minutes in the mixing chamber without rotation. It was then
melted for 2 minutes at a rotor speed of 60 rpm. The compatibilizer was then incorporated
(peak ABC) and mixed for 2 minutes. The NR compound, previously referred to as NR/VI
was then added and mixing continued until a plateau mixing torque was reached. The blend

products were finally pelletized.

The first peak (ABC) is due to the increase in the torque after the introduction of the cold CA
into the mixer containing neat PP. Then as the CA is sheared inside the hot chamber it starts
to melt and consequently the torque decreases. Upon the addition of NR/VI compound, the
torque raises (CD). The torque thereafter decreases during the mixing of the whole ingredients
(DE). However, with blends containing the curatives a substantial sharp increase in torque
with increasing mixing time was observed (EF). This increase in torque is due to the
formation of crosslinks inside the rubber phase (dynamic vulcanization) leading to greater
resistance to rotation. A constant mixing torque was later observed and lasted for a mixing
time of400 s (FG). A second rise of the torque (GH) was observed followed by a mild drop
(HI) and another increase (1J) before levelling off. It is clearly seen that the levels of the final

mixing torque (JK) increased with increasing concentration of CAs in the compounds.

Taking into account the complexity of the system used with regard to possible chemical
interactions that could take place through the functional groups present in the CA (epoxy of
ENR, maleic anhydride of PP-g-MA, the ester and the acid which form upon mixing ENR
with PP-g-MA), the first sharp rise of the torque (EF) could be attributed to a crosslinking
reaction involving TMTD and/or DTDM. It is well established that TMTD can act as an ultra-

accelerator for sulfur vulcanization as well as a sulfur donor and in this case would form
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monosulfidic crosslinks. DTDM is also expected to play the same role owing to its structure
which is similar to that of TMTD.

The second rather milder increase observed (GH) could be attributed to another crosslinking
reaction. However, the fall of the torque (HI) that followed could be considered as a

reversion, a phenomenon that indicates the instability of some of the crosslinks formed.

The last rise of the torque (1J), which is more pronounced for the CAsp-based system, was

observed only for the compatibilizing agent-containing blends.

Finally, it is clearly seen that the value of the final torque (JK) increased with increasing the

concentration of the CA.

40

35 +

30 A

25 +

20

15

Torque (N.m)

10

] —— B0V
5- - —— B1V
ol & B2V
c —— B3V
_5 T T T T T
0 200 400 600 800 1000

Mixing time (sec)

Figure 111.9 Plastograms of vulcanized NR/PP, and those of theCAs- containing blends with a sulfur
donor-based crosslinking system.
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Figure 111.10 Plastograms of vulcanized NR/PP, and those of the CAso- containing blends with
a sulfur donor-based crosslinking system.
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Figure 111.11, and Figure 111.12 which present the bargraphs of the final maximum torque for
the CAzs and CAsp —based systems respectively, show that the TPVs exhibited higher values
than those of the unvulcanized blends because of the increase of the viscosity imparted by the

formation of the crosslink structure.
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Figure 111.11Maximum torque values of vulcanized and unvulcanized blends containing the CAs.
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Figure 111.12 Maximum torque values of vulcanized and unvulcanized blends containing the CAsq.
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111.4.2 RPA viscoelastic properties

The RPA is a rheometer belonging to a new class of rheometers called dynamic mechanical
rheological testing instruments (DMRTSs). This type of rheometer allows analyzing the
physical and dynamic properties of rubber compounds and monitoring the process of
production of the compounds before, during and after vulcanization in versatile test
configurations (wide ranges of temperatures, strains and frequencies). The measurements
provide important information about processability, cure characteristics and final cured

properties.
111.4.2.1 Frequency sweep of the compatibilizing agents

Figure 111.13, and Figure 111.14 illustrate the complex viscosity (n*) and the storage
modulus (G') of PP-g-MA, neat ENR3s, neat ENRsp, ENR2s/PP-g-MA and ENRs/PP-g-MA at
a temperature of 150°C. As shown in Figure 111.13, it can be seen that the complex viscosity
decreases continuously with increasing frequency for PP-g-MA, ENRys, ENRsy and their
blends. It is to be noted that at a given frequency, the viscosity of the 50/50 blend of either
ENR2s/PP-g-MA or ENRso/PP-g-MA is higher than that of the individual components. In
addition, the values of the viscosity of ENRso/PP-g-MA (CAsp) are higher than that of
ENR2s/PP-g-MA (CAys) indicating that the higher the epoxydation level in the CA, the higher
the viscosity. This result is in favor of the crosslinking reaction which takes place between
ENR and PP-g-MA as the crosslinks formed reduce the CA mobility confirming hence the
previous results obtained through the brabender plastograms.

In Figure 111.14, we can see that the storage modulus values of the parent polymers and those
of the CA blends increased with the increase of the frequency. It is also clearly seen that the
G' values of the CAs are higher than those of the PP-g-MA and those of ENRs at all the
measured frequencies. It can be observed also that the plots of the storage modulus of the
ENRs fell intermediately between those of PP-g-MA, and CAs.
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Figure 111.13 Variation of complex viscosity (n*) as a function of frequency for PP-g-MA,
ENR2s, ENRso and their blends at 150°C.
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Figure 111.14 Variation of storage modulus (G') as a function of frequency for PP-g-MA,
ENR»s5, ENR5g and their blends at 150°C.

70



Chapter 111 Spectroscopic Structural Analysis and Melt Rheological Properties

111.4.2.2 Frequency sweep of NR/PP blend

Figure 111.15 illustrates the complex viscosity of neat NR, neat PP and NR/PP blend at
different temperatures (150°C, 170°C, and 190°C). As shown in Figure 111.15, it can be seen
that at a given temperature the complex viscosity decreases continuously with increasing
frequency for NR, PP and their 70/30 blend. On the other hand, the plots also show that, for
the three temperatures studied, the viscosity difference between the two polymers (NR, PP)
narrows with increasing frequency. This is in fact a desired feature for mixing the two
polymers composing the blend, for it contributes in reducing the interfacial tension between

them. These results are in accordance with the observations reported by Souheng Wu [18].

Figure 111.16 shows the logarithmic plot of the variation of the shear storage modulus (G')
with frequency for neat NR, neat PP and NR/PP blend at different temperatures
(150°C,170°C, and 190°C). We can see that the G' values of NR, PP, and NR/PP blend
increased with the increase of the frequency. It is also shown that the G' values of NR are
higher than those of PP and 70/30 NR/PP blend at all the measured frequencies. This behavior
could be attributed to the higher molecular weight of NR compared to that of PP, considering
that the PP used in this study is an injection molding grade with a high value of the Melt Flow
Index. It can be observed also that the plots of the storage modulus of the 70/30 NR/PP TPE
blend fell intermediately between those of both polymers (NR, and PP).
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Figure 111.15 Rheograph of the frequency sweep for complex viscosity (n*) of neat NR, neat PP
and their 70/30 NR/PP TPE blend at different temperatures.
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Figure 111.16 Rheograph of the frequency sweep for storage modulus (G') of neat NR, neat PP
and their 70/30 NR/PP TPE blend at different temperatures.
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111.4.2.3 Frequency sweep of CA,s and CAsp-containing NR/PP blends

Figure 111.17 through Figure 111.20 present the effects of the addition of CAzs and CAsp at
concentrations of 5, 10, and 15 phr on the rheographs from the frequency sweep for the
complex viscosity (n*) and the storage modulus (G") of the NR/PP/CA,s and NR/PP/CAs, at
a temperature of 150°C, respectively. From Figure 111.17, and Figure 111.19, it is observed
that for all the blends studied the same trend was obtained, i.e a decrease of the viscosity with
increasing frequency. It was found that at a given frequency, the complex viscosity increases
with increasing the concentration of the CA. These results are analogous to those reported in
the literature by researchers who studied the effect of compatibilization on the rheological
properties. It has been demonstrated that the addition of compatibilizers to polymer blends
extensively affects their flow behaviour [19-23]. Chemical reaction occurring between the
components of the blend upon compatibilization generally increases the viscosity of the
system. For example, the viscosity of PP/PA blend was found to increase upon
compatibilization using maleic anhydride grafted styrene-ethylene-co-butylene-styrene
copolymer (SEBS-g-MA), due to the chemical reactions taking place between amine and
anhydride groups [19]. George et al [24], made a detailed investigation on the rheological
behaviour of thermoplastic elastomers from PP and NBR. They have investigated the effect of
blend ratio, dynamic vulcanization and compatibilization on the rheological behaviour of
PP/NBR blends. They used modified PP as an effective compatibilizer which increased the
viscosity of the system due to increased interaction between the phases as a result of
compatibilization. The flow behaviour of PMMA/NR blends compatibilized with
PMMA-g-NR was investigated by Thomas et al [23]. On compatibilization the viscosity of
these blends was found to be increasing due to the high interfacial interaction. Joshi et al [22],
reported on the rheological aspects of poly (butylene terephthalate /high density polyethylene
blends with a polyethylene based ionomers as the compatibilizer. Measurements showed that

the shear viscosity increased for the blend with the addition of the compatibilizer.

Figure 111.18, and Figure 111.20 which present the variation of the storage modulus with
frequency, show that the storage modulus (G') increased with increasing frequency, and show
also the same effects as those observed with the viscosity. In fact, it was found that at a given
frequency, the storage modulus increases with increasing the concentration of the CA. This
reflects the increased of physical interactions between NR and PP phases imparted by the

compatibilizing agents.
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Figure 111.17 Rheograph of the frequency sweep for complex viscosity (n*) of BO: NR/PP,
B1: NR/PP/CAzs (5 phr), B2: NR/PP/CAys (10 phr), B3: NR/PP/CAs (15 phr) TPE blends at
150°C.
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Figure 111.18 Rheograph of the frequency sweep for storage modulus (G") of BO: NR/PP,

B1: NR/PP/CA;s (5 phr), B2: NR/PP/CA,s (10 phr), B3: NR/PP/CAgs (15 phr) TPE blends at
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Figure 111.19 Rheograph of the frequency sweep for complex viscosity (n*) of BO: NR/PP,
B4: NR/PP/Cs (5 phr), BS: NR/PP/CAsq (10 phr), B6: NR/PP/CAsy (15 phr) TPE blends at
150°C.
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Figure 111.20 Rheograph of the frequency sweep for storage modulus (G') of BO: NR/PP,
B4: NR/PP/CAs (5 phr), B5: NR/PP/CAsq (10 phr), B6: NR/PP/CAs, (15 phr) TPE blends at
150°C.
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The variation of log (n*), log (G") versus frequency at three different temperatures for the
CAzs and CAsp-containing blends is depicted in Figure 111.21 through Figure 111.24. It is
shown that at a given frequency and a given concentration of the CA, both complex viscosity
and storage modulus decrease with increasing the temperature. This is due to the increase in
the Kkinetic energy of the blend components, which arises from the thermal energy imparted
from heating. But the extent of the decrease of the viscosity with increasing temperature is
rather low. This suggests that the optimum processing temperature for the blend would be

190°C. Higher temperatures would lead to the thermal degradation of the major component.

Since the same trend was found when varying the concentration of the compatibilizing agent,
only the plots of the viscosity and modulus as a function of frequency sweep for the CA

concentration of 10 Phr are shown.
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Figure 111.21 Variation of log (n*) versus frequency of B2: NR/PP/CA5(10 phr) TPE blend
at different temperatures (150°C, 170°C, and 190°C).
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Figure 111.22 Variation of log (G') versus frequency of B2: NR/PP/CA ,5(10 phr) TPE blend
at different temperatures (150°C, 170°C, and 190°C).
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Figure 111.23 Variation of log (n*) versus frequency of B5: NR/PP/CA 50(10 phr) TPE blend
at different temperatures (150°C, 170°C, and 190°C).
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Figure 111.24 Variation of log (G') versus frequency of B5: NR/PP/CA 5o(10 phr) TPE blend
at different temperatures (150°C, 170°C, and 190°C).

Similar effects of both CAs concentrations and those of temperatures were obtained for the

dynamically vulcanized blends.
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Figure 111.25 through Figure 111.28 present the effect of dynamic vulcanization on viscosity
and elastic modulus of the NR/PP/CAs (10Phr) at a temperature of 150°C. An enhancement

of viscosity and elastic modulus were observed for the TPV, compared to the TPE blends.
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Figure 111.25 Curves of viscosity (n*) response of frequency sweep for B2: NR/PP/CA 25 (10 phr),
and B2V: NR/PP/CA 25(10 phr) blends at 150°C.
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Figure 111.26 Curves of elastic modulus (G') response of frequency sweep for

B2: NR/PP/CA 55 (10 phr), and B2V: NR/PP/CA ,5(10 phr) blends at 150°C.
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Figure 111.27 Curves of viscosity (n*) response of frequency sweep for

B5: NR/PP/CA 50 (10 phr), and B5V: NR/PP/CA 50(10 phr) blends at 150°C.
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Figure 111.28 Curves of elastic modulus (G') response of frequency sweep for

B5: NR/PP/CA 50 (10 phr), and B5V: NR/PP/CA 50(10 phr) blends at 150°C.
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111.5 Swelling Index for the dynamically vulcanized blends

The extent of crosslinking in vulcanized rubbers can be estimated from the swelling
measurements based on the fact that crosslinked elastomers will not dissolve in a solvent but
swell. The crosslink density for such materials is determined using Flory/Rehner equation
[25].

1
sV
T

Where p, is the crosslink density, Vs is the molar volume of the solvent, V, the volume

fraction of rubber in the swollen gel, and y the interaction parameter which is dependent on
the cohesive energy density of the polymer and solvent. Even though this equation is more
precise for vulcanized elastomers since it takes into account both the extent of swelling and
the interaction between the polymer and the particular solvent used, it is not valid for polymer
blends or reinforced elastomers because blending or reinforcement modify their swelling
behavior. Instead, the swelling index has rather been used to measure the extent of

crosslinking for thermoplastic elastomers.

Figure 111.29 shows the variation of the swelling index with the CA concentration for
dynamically vulcanized NR/PP blend. It can be seen that the swelling index decreases
continuously with increasing CAs concentration. It can be inferred therefore that changes
down to the molecular level have taken place due to the interaction of CA,s and CAsp with PP
and NR. This is due to the formation of crosslinks which restricted the mobility of the
macromolecular chains. It is also clearly seen that this decrease of the swelling index is a
result of the dynamic vulcanization meaning that the vulcanizates have been converted to a
stiffer and less penetrable materials by the solvent. This result is in agreement with an

analogous work on dynamically cured ENR/PVC blend [26].
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Swelling Index

0,4

0,2 -

010 1 N 1 N 1 N 1 N 1 N 1 N 1
BOV B1V B2V B3V B4V B5V B6V
TPV Blends

Figure 111.29 Variation of the swelling index of vulcanized blends without and with
compatibilizers.
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111.6 Conclusions

In this chapter, the following conclusions were drawn:

1-

The FTIR analysis revealed that upon blending, ENR reacted with PP-g-MA and
produced ENR-grafted-PP with an ester and acid-based linkage. The results of
'H-NMR revealed that the CA was insoluble and did not dissolve in the different
solvents but swelled only. This could confirm the fact that blending of ENR with
PP-g-MA lead to a crosslinked structure.

The brabender plastograms of the NR/PP blends containing the compatibilizers
showed a moderate increase of the torque when the CAs were added. This increase
was attributed to the interactions that developed with the blend constituents through
the functional groups of ENR and PP-g-MA. The Brabender plastograms of the
dynamically vulcanized blends also showed the same general trend as that of the
control NR/PP TPV formulation which was cured with a mixture of
TMTD/DTDM/CBS. It was found that higher torque levels were obtained with a
higher extent of the CA concentration.

The RPA measurements indicated that the viscosity of both types of the
compatibilizing agents was higher than that of their respective individual values,
confirming hence the crosslinking reaction which results upon blending ENR with
PP-g-MA. Moreover, the RPA results revealed that, the viscosity of both TPEs and
that of TPVs increased with increasing the concentration of both types of the CAs.
The same trends were observed for the effects on the storage modulus.

Measurements of the swelling index, pointed out that it decreases continuously with
increasing CAs concentration for the dynamically vulcanized NR/PP blend. This is
due to the formation of crosslinks which restricted the mobility of the macromolecular
chains and meaning that the vulcanizates have been converted to a stiffer and less

penetrable material by the solvent.
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The addition of ENR/PP-g-MA as a compatibilizer for NR/PP blend is expected to affect the
mechanical, dynamic mechanical as well as the morphological and thermal properties of the
resulting TPE and TPV blends. In this chapter the effects of varying the concentration of the
CA used on various properties will be discussed for both unvulcanized and the dynamically

vulcanized blends.

IV.1 Tensile properties

The stress—strain curves of the control NR/PP blend and those of the unvulcanized and
dynamically vulcanized blends containing different quantities of CA,s and CAsg are presented
in Figure 1V.1, and Figure 1V.2, respectively. These curves show that the blends containing
the CAs exhibit a shape typical of a soft material with moderate values of the modulus. We
can also observe that the higher the epoxidation content in the CA, the higher is the ultimate
stress at break (B4 > B1, B5 > B2, B6 > B3) for TPE blends and (B4V > B1V, B5V > B2V,
B6V > B3V) for TPV blends; and the lower is the elongation at break. For the blend
containing 15 phr CAsy (Figure 1V.1), it appears that the stress—strain curve tends to follow
an upward shift suggesting that above this dosage the rigidity of the material would increase
more. This is linked to the crosslinked structure of the CA which contributed to rendering the

blend more rigid by imparting a reinforcing effect.

Figure 1V.3 and Figure 1V.4, which present the mechanical properties in terms of tensile
strength, Young’s modulus, and elongation at break, show a trend of increased tensile strength
and modulus and a decrease of the elongation at break. This means that the addition of CAys
and CAs increased the capacity of the blends to withstand the tensile load and therefore led to
an enhanced mechanical resistance.

Taking into account the chemical reaction mechanism initially proposed by C Nakason et al
[1], and also reported by Balakrishnan et al. [2], it is proposed to associate this improvement
of the mechanical properties to the interactions that developed between the PP chains and
those of the PP-g-MA in the CA, and at the same time between the NR backbone with the

ENR chains also present in the compatibilizer.

On the other hand, it is noted that the increase of tensile strength and modulus increased with
increasing the ENR content as there are more functional groups in CAsg than those in CAgs. In
addition, the hydroxyl group in both CAzs and CAsy participated also in improving the
interactions, diminishing hence the interfacial tension between the blend constituents. Another

plausible interpretation of these results is that the crosslinked structure in the CA imparted a

88



Chapter IV Mechanical, Dynamic Mechanical, Morphological and Thermal Properties

reinforcing effect. This correlates well with the mixing behavior discussed earlier where it
was observed that the torque increased after the addition of CA,s for TPE blends, and CA2s
as well as CAsq for TPV blends.
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Figure 1V.1 Stress/strain curves of the control NR/PP blend, and those of the CAs, and
CAso-containing TPE blends.

24
22
20
18

16

$ 14 ]

2 12]

o o]

$ 10 —=— BOV

= 8] —e—B1V
6 B2V
4 —v— B3V
2 B4V
o —«— B5V
5] —»— B6V

T

T T T T T T T T T T T T T T T
-100 0 100 200 300 400 500 600 700
Strain (%)

Figure 1V.2 Stress/strain curves of the control NR/PP blend, and those of the CAs, and
CAsp-containing TPV blends.
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FigurelV.3 Tensile strength, Young’s modulus, and elongation at break of the control NR/PP
blend, and those of the CAs, and CAsp-containing TPE blends.
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Figure 1V.4 Tensile strength, Young’s modulus, and elongation at break of the control NR/PP
blend, and those of the CAs, and CAse-containing TPV blends.
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Figure IV.5 and FigurelV.6 show the stress-strain curves of the CAy and CAsg containing

NR/PP along with those of the dynamically vulcanized blends, respectively.

The stress-strain curves of unvulcanized and vulcanized blends show distinct elastic and
inelastic regions. These figures show that the unvulcanized blends behave as a weak and
brittle material with a low resistance to deformation and a low value of the elongation at break
in contrast to the dynamically vulcanized blends which exhibit a deformation behaviour akin
to strong and tough materials. Their deformation pattern was characterized by a sharp increase
in the stress with strain in the linear region, then after passing through a yield point, this
increase become gradual.

The respective values of Tensile strength, Young’s modulus and Elongation at break are

presented in the bargraphs of Figure 1V.7 and Figure 1V.8.

For the CA-containing blends, the improvement of the mechanical properties is reflected by
the increase of the values of tensile strength when increasing the concentration of the CA,
especially for the dynamically vulcanized blends compared to the unvulcanized ones
(BO vs BOV),(B1 vs B1lV, B2 vs B2V, B3 vs B3V for the CAys-based systems) and
(B4 vs B4V, B5 vs B5V, B6 vs B6V for the CAsp-based systems).

These bargraphs show the combined effects of the addition of the compatibilizers with those
of the dynamic vulcanization, which resulted in higher values of tensile strength and
elongation at break, and lower values of young’s modulus of the TPV than those of the TPE
blends.

The above results are analogous to those reported in literature by many researchers who
studied the effects of compatibilization and dynamic vulcanization on the mechanical
properties. For example, A. Thitithammawong et al. [3] have studied the influence of two
types of blend compatibilizers (PP-g-MA and Ph-PP) on the mechanical properties of
epoxidized natural rubber/polypropylene thermoplastic vulcanizates. They have found that the
mechanical properties improved in a range of loading levels of compatibilizers at 0—7.5 wt %.
This was attributed to a chemical interaction between the different phases caused by the
functionalized compatibilizers. In another publication, N. Mohamad et al. [4] investigated
the mechanical properties of thermoplastic vulcanizates based on polypropylene/epoxidized
natural rubber (PP/ENR) when treated with maleic anhydride-grafted polypropylene. It was
found that the tensile properties of the vulcanizates improved with the addition of MA-g-PP

compatibilizer into the blend during the compounding process. This was attributed to the
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enhancement of the compatibility between the thermoplastic and the rubber molecules with
the presence of the compatibilizer.

In another study, I. P Mahendra et al.[5]investigated the influence of maleic anhydride-grafted
polypropylene and maleic anhydride-grafted-cyclic natural rubber (CNR-g-MA) as
compatibilizers on the properties of polypropylene/ cyclic natural rubber (PP/CNR)blends.
Thermogravimetry analysis confirmed that the addition of compatibilizers improved the
thermal stability of blends. The DSC curve shows that the glass transition temperature was
significantly decreased due to the maleic anhydride-grafted polymers incorporation. The
decrease of CNR’s Tg value implies that the incorporation of maleic anhydride-grafted
polymer into PP/CNR blends can improve blend compatibility. The compatibilization was
further confirmed by an increase in tensile strength of the compatibilized blends.

Nakason C et al.[6] investigated the effect of blend compatibilizers (a graft copolymer of
HDPE and maleic anhydride (MA; i.e., HDPE-g-MA) and two types of phenolic modified
HDPEs using phenolic resins SP-1045 and HRJ-10518 (i.e., PhSP-PE and PhHRJ-PE) on the
mechanical properties of thermoplastic elastomers based on epoxidized natural rubber and
high-density polyethylene blends. They found that the blend with compatibilizer exhibited
superior tensile strength, hardness, and set propertiesto that of the blend without
compatibilizer. The ENR and HDPE interaction via the link of compatibilizer molecules was
the polar functional groups of the compatibilizer with the oxirane groups in the ENR
molecules. Also, another end of the compatibilizer molecules (i.e., HDPE segments) was
compatibilizing with the HDPE molecules in the blend components.

In another publication, Nakason C et al. [7] have studied the effect of epoxide levels in ENR
molecules of thermoplastic vulcanizates based on epoxidized natural rubber/polypropylene
blends. Thermoplastic vulcanizates based on 75/25 ENRS/PP blends with Ph-PP
compatibilizer were later prepared by dynamic vulcanization using sulfur curing system.
Influence of various levels of epoxide groups on the mechanical properties was investigated.
It was found that the tensile strength and hardness properties increased with increasing levels
of epoxide groups in the ENR molecules. This may be attributed to increasing level of
chemical interaction between the methylol groups of the Ph-PP molecules and the polar
functional groups of the ENR molecules. Also, the PP segments in the Ph-PP molecules are
capable of compatibilizing with the PP molecules used as a blend composition.
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Figure 1V.5 Tensile stress-strain curves of the control NR/PP blend, and those of
CAs5- containing TPE and TPV blends.
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Figure 1V.6 Tensile stress-strain curves of the control NR/PP blend, and those of
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IVV.2 Dynamic mechanical properties

The miscibility and phase behavior of polymer blends are of crucial importance in many
applications. Dynamic mechanical thermal analysis (DMTA) is a widely accepted method for
studying the structure-property relations in polymers. The viscoelastic data can be
successfully used to study the miscibility in polymer blends in terms of changes in Tg
(glass transition temperature) of the components of the blends. Miscible blends will have a
single sharp glass transition temperature intermediate between those of the individual
polymers. In the case of borderline miscibility, the broadening of the transitions will occur,
whereas two separate transitions corresponding to the constituents may occur in the case of
completely immiscible blends. Generally, the dynamic mechanical properties are expressed in
terms of storage modulus, loss modulus, and damping factor and these depend on
crystallinity, structure, and extent of crosslinking. The performance of most of the rubber
products is related to their dynamic properties which are a very important consideration when

rubber compounds are designed for components to be used in dynamic applications [8].

The dynamic mechanical properties of NR/PP blends are reported in this chapter. The
properties including storage modulus (E'), loss modulus (E") and damping factor (tan d) were
investigated as a function of temperature. The effects of compatibilizer and dynamic

vulcanization on the dynamic mechanical properties have been investigated.

IVV.2.1 Dynamic mechanical properties of NR and ENRs

Figures 1V.9, Figure 1V.10, and Figure 1V.11 show the variation of the storage modulus,
loss modulus, and damping factor as a function of temperature, for neat NR, neat ENRs, and
neat ENRso. It can be seen that the storage modulus shows three distinct regions: a glassy high
modulus region where the segmental mobility is restricted, a transition region with substantial
decrease in E' as the temperature increases, and a rubbery region with increasing chain
mobility and drastic loss of modulus with increasing temperature. In Figure 1V.9, it is seen
that E' of neat NR is higher than those of ENR2s and ENRsp. It is also clearly seen that the
E' of ENRsp is higher than that of ENRs in the glassy region. This is due to the epoxidation
level of the NR.

Figure 1V.10 shows that E" which expresses the viscous component and the capacity of the
material to dissipate energy, passes through a maximum that corresponds to Tg. It can be

observed that below their respective Tgs, the loss modulus of neat NR is higher than that of
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ENR2s and ENRsp. At temperatures below Tg the loss modulus of ENRys is lower than that of
ENRs and the intensity of the corresponding peak is also lower.

In Figure 1V.11, it is seen that the three types of NR have larger areas underneath the
tan 6 curve compared to those of the E" peaks. It is clear that neat NR has the largest area,
followed in rank order by ENR,s and ENRso. This matches the elasticity and damping
properties of these materials. The chemical differences between NR and its modified forms
are important determinants of elasticity and damping properties. In Figure 1V.11, the glass
transition temperature (Tg) was determined from the maximum peak of the tan delta—
temperature curve, it is seen that NR, ENR2s, and ENRs had their Tgs at —53°C,—27°C,
and—3°C, respectively. That is, the Tg shifted to higher temperatures with increasing
epoxidation level. This is caused by chain stiffening and the chemical interactions of epoxide

functional groups in ENR restricting molecular mobility.
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Figure.lV.9 Variation of the storage modulus E' as a function of temperature for neat NR,
neat ENRs, and neat ENRsp.
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Figure 1V.10 Variation of the loss modulus E" as a function of temperature for neat NR,
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Figure 1V.11 Variation of the damping factor tan § as a function of temperature for neat NR,
neat ENR2s, and neat ENRs.

97



Chapter IV Mechanical, Dynamic Mechanical, Morphological and Thermal Properties

1VV.2.2 Dynamic mechanical properties of the compatibilizing agents

The main goal of compatibilization is to improve the dynamic mechanical properties of the
blends which determine the use of the material. These properties depend on many factors,
including the concentrations of the CAs and their adhesion at the blend interface.

Figure 1V.12 presents the temperature dependence of the storage modulus E' of PP-g-MA,
ENR2s, ENRsp, and compatibilizing agents (CAzs: ENR2s/PP-g-MA, and CAsy: ENRso/PP-g-
MA). It is observed that the storage modulus curves of the CA,s and CAsp is divided into
three regions. In the first region, at low temperature, the molecular chains are frozen in a rigid
network with a high value of the modulus (glassy state). Then a sharp decrease of the storage
modulus by three folds is observed at the glass transition region. In the third region, the
storage modulus exhibits a plateau curve which corresponds to the rubbery state. According to
Figure 1V.12, it was found that the storage modulus of either ENR,s/PP-g-MA or
ENRso/PP-g-MA is higher than that of the individual components (i.e: ENRys,
andENRsgy.confirming hence the crosslinking reaction which results upon blending ENR with
PP-g-MA. In addition, the values of the storage modulus of ENRso/PP-g-MA (CAsp) are
higher than that of ENR2s/PP-g-MA (CA.s) indicating that the higher the epoxydation level in
the CA, the higher the elastic modulus.

Figure 1V.13 which presents the variation of the loss modulus E" as a function of temperature
shows that the Tg value of CAs is higher than that of CAys (from -19°C to+9°C). This is
attributed to the fact that upon blending ENR with PP-g-MA, the higher epoxidation level in

CAs resulted in a stiffer material owing to higher level of crosslinking.

The variation of the damping factor tan 8, which is the ratio of the loss modulus to the storage
modulus, as a function of temperature is shown in Figure 1V.14. The maximum position of
tan 6 peak is also commonly taken to determine the glass transition temperature (Tg) of
polymers [9]. The transition region of the storage modulus and the position of tan & peak
shifted to higher temperatures with increasing the epoxide level in the CA as shown in
Figure 1V.12 and Figure 1V.14. The relative high Tg of ENR is mainly caused by the steric
interference of the epoxide group, resulting in restriction of the chain mobility of the ENR
molecules [10, 11]. The intensity of the intermolecular forces depends on the concentration of
the polar groups in the ENR molecules; higher epoxide contents cause lower chain mobility
and hence a higher Tg. Gelling [12] reported that for every mole percent increase in

epoxidation, the glass transition temperature increases by 0.93°C.
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Figure 1V.12 Variation of the storage modulus E' as a function of
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FigurelV.13 Variation of the loss modulus E" as a function of
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Figure 1V.14 Variation of the damping factor tan 6 as a function of
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1VV.2.3 Dynamic mechanical properties of uncompatibilized NR/PP blend

The variation of the storage modulus E', the loss modulus E", and the damping factor
tan 6 with temperature for neat NR, neat PP, and their 70/30 NR/PP blend is shown in
Figure 1V.15, Figure 1V.16, and Figure V.17, respectively.

For neat PP, the elastic modulus decreases gradually with increasing temperature. In the plot
of the variation of the loss modulus, a transition was observed as a broad peak at + 18°C. This
transition is similar to that reported by S.Thomas [13] and by Choudhury et al. [14], and for
whom it is due to a B-relaxation process which is associated with the unfreezing of segmental
motion of the main chains in the amorphous region. This transition appears also as a broad
peak at + 21°C in the tan & curve (Figure 1V.17).

For neat NR, the glass transition temperature, which was taken as the peak position of the tan
d curve, was detected at -53°C.

As shown in Figure 1V.15, the storage modulus of NR/PP in the glassy region is lower than
that of neat NR and neat PP. The gap narrows down and disappears above Tg where the
curves of NR, and NR/PP superimpose.

Figure 1V.16 represents the temperature dependence of E" for neat NR, neat PP and NR/PP
blend. The loss modulus curves are similar for NR and NR/PP except for neat PP which
exhibits the [ transition peak at +18°C.

Figure V.17 presents the variation of the damping factor tan d as a function of temperature
for neat NR, neat PP and NR/PP blend. It can be seen that for NR/PP blend, two peaks were
observed at about -52 and +13°C, representing the glass transition temperature of the NR
phase and the B transition peak of the PP phase, respectively. The latter peak corresponding to
the PP phase is zoomed out (Figure 1V.17) and appears as a broad peak extending from
approximately -3°C to +18°C. The presence of these two peaks indicates the existence of two
separate phases in the 70/30 NR/PP TPE blend.
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Figure 1V.15 Variation of the storage modulus E' as a function of temperature for neat NR,
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1VV.2.4 Dynamic mechanical properties of the CA-containing TPE blends

The variation of the storage modulus E', loss modulus E", and damping factor tan & as a
function of temperature for the CAgs-containing blends: (NR/PP/ENR2s/PP-g-MA) at
different concentrations are presented in Figure 1V.18, Figure 1V.19, and Figure 1V.20.
Those for the CAsp-containing blends are presented in Figure 1V.21,Figure 1V.22, and
Figure 1V.23, respectively.

Figure 1V.18, and Figure 1V.21, show that in the glassy region (below Tg), as the
concentration of the CA increases, the storage modulus increases. However, these differences
disappear in the flow region where all the curves superimpose. On the other hand, as shown in
Figure 1V.19, and Figure 1V.22, it is observed that as the concentration of the CA increases

the maximum E" position decreases and the corresponding Tgs shift to higher values.

These effects are reflected in the plots of tan & as a function of temperature (Figure 1V.20,
and Figure 1V.23) where it is observed that the higher the concentration of the

compatibilizing agent the broader is the tan d peak and the higher is the shift in the Tg value.

The respective values of Tg are summarized in Table IV.1. In fact, the glass transition
temperature shifted by 11°C, 17°C, and 18°C when increasing the concentration of CAys by 5,
10, and 15 Phr, respectively. However, these shifts (maximum E" position, and Tg value from
tand peak) were not to the same extent for the CAsp—based systems. For example, the Tg value
differences was only 1°C when increasing the CAsy concentration from 5 to 15 Phr
(Tg B4 (5Phr)CAse= -38°C,Tg B5 (10Phr)CAs, = -38°C , Tg B6 (15Phr)CAsy = -39°C ). This
means that the concentration of the CAsp did not seem to affect much the extent of the

Tg values.

Moreover, these shifts were accompanied by a disappearance of the B transition peak

(relative to the PP phase) with respect to the control NR/PP blend (BO).

An analogous improvement of the storage modulus in compatibilized blends has been
described in the literature. For instance, Zachariah Oommen et al. [15] studied the effect of
NR-g-PMMA as a compatibilizer on the dynamic mechanical and thermal properties of
NR/PMMA blends. They have found that the addition of a compatibilizer increased the

interfacial adhesion and improved the storage modulus of the blend at lower temperature.
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Figure 1V.18 Variation of the storage modulus E' as a function of temperature for
BO: NR/PP, B1: NR/PP/CAgs (5 phr), B2: NR/PP/CA,s (10 phr), B3: NR/PP/CAs (15 phr).
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Figure 1V.20 Variation of the damping factor tan 6 as a function of temperature for
BO: NR/PP, B1: NR/PP/CA3s (5 phr), B2: NR/PP/CAys (10 phr), B3: NR/PP/CAys (15 phr).
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Table 1V.1Values of the different transitions (Tg, Tg) for the different polymers and those of
the CA-containing TPE blends.

Blends T,¢C) T,CC)
NR 53 i
ENRy 27 .
ENRs; 3 -
PP - 21
PP-g-MA ; 8
CAs -19 -
CAs 9 -
BO -52 13
B1 -41 -
B2 -35 -
B3 -34 -
B4 -38 -
B5 -38 -
B6 -39 -

IVV.2.5 Dynamic mechanical properties of the CA-containing TPV blends

The plots of the storage modulus (E"), the loss modulus (E"), and the damping factor (tan ) as
a function of temperature for the dynamically wvulcanized blends are presented in
Figure 1V.24, Figure 1V.25, and Figure 1V.26 for the CAgs-based systems and in
Figure IV.27, Figure 1V.28, and Figure 1V.29 for the CAsp- based blends.

To examine the contribution of the dynamic vulcanization, the variation of E', E", and tand as
a function of temperature for a constant concentration of the compatibilizing agent (10 Phr)
were gathered along with those of the control blend and are presented in Figure 1V.30,
Figure 1V.31, and Figure 1V.32.

Overall, the same effects which were noted for the unvulcanized blends were also observed

for the dynamically vulcanized systems. That is:

1- An increase of the storage modulus E' with increasing the concentration of the
compatibilizing agent (CA25 or CAxsp),
2- A decrease of the loss modulus E" and the maximum tan & peak position with

increasing the concentration of the compatibilizing agents.

However, a particular result which is worth to be emphasized is the fact that the dynamic
vulcanization did not affect much the Tg value of the vulcanized blends compared to the
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control TPV blend. For example as shown in Table 1V.2, the Tg decreased only by 1°C when
increasing the concentration of the CAys from 5 to 15 Phr and remained unchanged for the

CAs at the three concentrations studied.

It is to be noted that contrarily to the unvulcanized blends (Figure 1V.20, and Figure 1V.23),
increasing the concentration of the CAsq decreased much the value of the Tg transition. For
instance, Tgdecreased from 12°C for the control NR/PP TPV blend to 8°C for the 5 Phr of
CAsp-containing blend. It decreased further to 4°C for the 10 Phr CAsp-containing blend.

In fact, while the T peak disappeared for the unvulcanized CAs or CAsyo—containing blends
(See Figure 1V.20, and Figure 1V.23), it shifted by almost 9°C for the CAs TPV (Tg= 3°C
for 15Phr of CAsp)with respect to the control blend (Tg=12°C) (an amplification of these

transition is shown in Figure 1V.26, and Figure 1V.29, respectively.

A similar effect was found by Benmesli et al. [16], who reported a shift by 10°C of this
transition as a result of the functionalization of the NR phase and that of the PP phase. It can
therefore be stated that the incorporation of the ENR/PP-g-MA as a compatibilizing agent

resulted in an alteration of the NR/PP interphase.

These conflicting effects, i.e the fact that the B transition disappeared for the unvulcanized
blend, but was more pronounced for the dynamically vulcanized system, reflect also the
complexity of the blend studied owing to the contribution of many factors which are the
epoxy group in ENR, the maleic anhydride group in PP, the ester and acid based linkage
formed after mixing ENR with PP-g-MA and the vulcanization system.

Table 1V.2 Values of the different transitions (Tg4, Tg) for TPV blends with and without
compatibilizers.

TPVBlends T, (°C) T4(°C)
BOV -48 12
B1V -47 13
B2V -48 13
B3V -49 13
B4V -48 8
B5V -48 3
BoV -48 3
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Figure 1V.24 Variation of the storage modulus E' as a function of temperature for
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Figure 1V.25 Variation of the loss modulus E" as a function of temperature for
BOV: NR/PP, B1V: NR/PP/CAy (5 phr), B2V: NR/PP/CAy (10 phr), B3V: NR/PP/CA2s
(15 phr) TPV blends.
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Figure 1V.26 Variation of the damping factor tan 6 as a function of temperature for
BOV: NR/PP, B1V: NR/PP/CAys (5 phr), B2V: NR/PP/CA2s (10 phr), B3V: NR/PP/CAzs
(15 phr) TPV blends.
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Figure 1V.27 Variation of the storage modulus E' as a function of temperature for
BOV: NR/PP, B4V: NR/PP/CAs (5 phr), B5V: NR/PP/CAsy (10 phr), B6V: NR/PP/CAs
(15 phr) TPV blends.
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Figure 1V.28 Variation of the loss modulus E" as a function of temperature for
BOV: NR/PP, B4V: NR/PP/CAsy (5 phr), B5V: NR/PP/CAs (10 phr), B6V: NR/PP/CAsg
(15 phr) TPV blends.
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Figure 1V.29 Variation of the damping factor tan & as a function of temperature for
BOV: NR/PP, B4V: NR/PP/CAsy (5 phr), B5V: NR/PP/CAs, (10 phr), B6V: NR/PP/CAs
(15 phr) TPV blends.
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Figure 1V.30 Variation of the storage modulus E' as a function of temperature for the control
NR/PP, and those of the 10Phr of CA,s, and CAsp-containing TPE and TPV blends.
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Figure 1V.31 Variation of the loss modulus E" as a function of temperature for the control
NR/PP, and those of the 10Phr of CA,s, and CAsp-containing TPE and TPV blends.
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Figure 1V.32 Variation of the damping factor tan 6 as a function of temperature for the control
NR/PP, and those of the 10Phr of CA,s, and CAsp-containing TPE and TPV blends.
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IVV.3 Morphological Examination

It has been established that the properties of polymer blends depend on the morphology and
the interfacial adhesion which develop between the matrix and the blend components
[2]. Therefore, the morphology as characterized by the SEM can be an effective way to make

correlations with the mechanical behavior of the material.

Morphology depends on blend composition, melt viscosity of the components and processing
history. When the components have different melt viscosities the morphology of the resulting
blends depends on whether the minor component has a lower or higher viscosity than the

major one.

The results of the morphological analysis of the NR/PP based TPE is presented in this
chapter. The morphology of the blends was investigated using Scanning Eelectron

Microscopy (SEM) and also by Atomic Force Microscopy (AFM).

As mentioned earlier, the majority of polymer blends are immiscible due to thermodynamic
limitations. Hence, blending usually leads to multiphase heterogeneous morphologies where
the properties of the polymeric constituents, interface adhesion and the final morphology
often dictate the ultimate properties of these materials [17]. The morphology
development during the melt mixing stage, i.e. the size, shape and distribution of one
polymeric phase into another, strictly depends on the rheological properties of the
constituent polymers, the presence of different types of additives, compatibilizers, the

interfacial tension and processing conditions [18].

1\VV.3.1 SEM analysis

I1VV.3.1.1 Effect of the compatibilizing agents on the morphology of the TPE blends
Figure 1V.33 (a) through (c) presents the SEM micrographs of the control NR/PP blend,
those of the 10 phr CAzs, and CAsp-containing TPE blends, respectively. A dosage of 10 phr
is considered as the medium amount of the CAs studied. These micrographs show
co-continuous phases with dark voids left after the extraction of the PP phase. For the control
blend, these voids are randomly dispersed throughout the NR matrix and have different

irregular shapes and sizes [19].

However, in the CA-containing blends, the pores which are smaller in size, they seem to be
dispersed in a more regular manner. This distinction could be due to the improved adhesion

resulting from the interactions mentioned earlier. The presence of the polar groups in the CA
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composed of a 1:1 ratio of ENR to PP-g-MA contributed to the reduction of the interfacial
tension between the NR and PP phases and resulted in a more homogeneous morphology.
These observations are consistent with the results of the mechanical properties where it was
found that the blends with the CA exhibited higher tensile resistance. Choudhury and
Bhowmick who investigated the compatibilization of NR/polyolefins TPE blends have
reported similar observations [20].

In fact, the compatibilizer decreases the interfacial tension and the interaction between NR
and PP is greatly enhanced. The ENR/PP-g-MA locates at the blend interface and thereby
holds the two phases together. The localization of the compatibilizer at the interface makes
the interface less mobile, more broad and stable. In the case of incompatible NR/PP blend,
due to the presence of a sharp interface and poor interaction between the polymer phases there
occurs high extent of inter layer slippage between the phases. Upon the addition of the CAs
interfacial interaction between the phases increases and there will be less slippage at the
interface. The ENR/PP-g-MA addition decreases the interfacial tension and this leads to a
reduction in the dispersed phase size and an increase in interfacial adhesion. In addition to the
increase in interfacial adhesion, the presence of the compatibilizer at the blend interface
broadens the interface region through penetration of the CAs chains into the adjacent phases

which stabilises the blend morphology.
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Figure 1V.33 SEM micrographs of (a) the control NR/PP blend, (b) NR/PP/CAs (10phr),
and (c) NR/PP/CAs, (10phr).
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1V.3.1.2 Effect of dynamic vulcanization on the morphology of the TPV blends

The evolution of phase morphology in polymer blends generally takes place while the
rheological, interfacial, and thermodynamic properties of the components are changing. In the
case of dynamic vulcanization of thermoplastic/elastomer blends, it is mainly the
crosslinking reaction of the elastomeric component which influences all the aforementioned
properties. The gradual formation of crosslinked elastomer network increases both the
viscosity and the elasticity of the elastomer, and affects drastically the morphology
development. Throughout this process, the elastomeric major phase, although within a
co-continuous structure with its thermoplastic counterpart, is transformed into dispersed
particles encapsulated by the thermoplastic polymer. This morphological transformation is
widely known as phase inversion. The result is a material most likely with rubber-like
properties [21].

H.-J.Radusch reported that the elastomer phase in the initial stage of vulcanization is strongly
deformed into continuous elastomeric threads and eventually breaks up and forms the final
dispersed crosslinked domains [21]. As mentioned earlier, the presence of an initial
co-continuous morphology prior to dynamic vulcanization is a prerequisite in obtaining fine
dispersed crosslinked elastomer phase at the end of vulcanization [21-22].The effectiveness of
stress transfer and morphology transformation in an initially co-continuous morphology can
be visualized by considering the complete opposite hypothetical situation, i.e., an initial
dispersed/matrix morphology with the elastomeric component as the droplet phase. In this
system, the viscosity and elasticity of the elastomeric component, which already forms the
dispersed phase, increase during dynamic vulcanization. As a result, the stress transferred by
the low viscosity thermo-plastic phase becomes less and less effective in deforming the
elastomeric domains and coalescence of the elastomeric domains becomes more and more
hindered due to increased viscosity and elasticity of this phase [23-25]. SEM micrographs of
the solvent-etched cryogenic fracture surfaces of the 70/30 NR/PP TPVs with different
concentrations of the compatibilizers are shown in Figure 1V.34. Xylene was used to extract
the PP phase at high temperature. That is, the thermoplastic phase was dissolved in hot

xylene, which left the vulcanized rubber adhered at the surface.
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Figure 1VV.34 SEM micrographs of NR/PP TPVs with two types and dlfferent concentrations

of CAs.
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According to Figure 1VV.34, it can be observed that the TPV without compatibilizer (Control
NR/PP (Figure 1V.34 (A)) shows large and non-uniform rubber particles, whilst the other
compatibilized and dynamically vulcanized TPVs show smaller and finely dispersed rubber
particle morphology.

It can also be seen that the vulcanized rubber particles in the TPVs with ENR2s/PP-g-MA
show larger sizes than those of the TPVs prepared with ENRso/PP-g-MA at equal amount.
Therefore, it can be stated that the size of the dispersed vulcanized rubber particles decreased

with an increase in the level of epoxide groups in the ENR molecules.
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1VV.3.2 Atomic Force Microscopy

1VV.3.2.1Effect of the compatibilizing agents on the morphology of the TPE blends
Atomic Force Microscopy is considered as one of the most perspective methods for studying
polymer blends, because it allows to clearly define the phase boundary and its scale. In this
research work, AFM was used to evaluate the effect of the compatibilizing agents on the
interface morphology. Figure 1V.35 shows respectively the AFM Height and Phase images,
of the 70/30 NR/PP TPE blend (a),(d),NR/PP/CA,s (10phr) (b),(e), and NR/PP/CAs, (10 phr)
(c),(f). Height images reveal the surface roughness, while the measurement of the difference
between the phase angle of the excitation signal and the phase angle of the cantilever response
can be used to map compositional variations such as stiffness, hardness and viscoelasticity
during scanning the surface sample in the AFM tapping mode. So the phase signal gives
information about the size and shape of local heterogeneities at a nanometric scale,
identifying regions with different stiffness. After the cryo-microtoming procedure, NR and PP
expand differently, because they have different thermal coefficients and this fact provokes a
high roughness in the AFM height image which corresponds to the NR/PP control blend
compared to NR/PP/CA specimens. Garcia et al [26] reported that the morphology can be
analyzed by the different color in the images, where these differences represent the hardness
scale. Since the samples are mostly composed of natural rubber, PP and CA, depending on the
formulation, two color scales were observed. With regard to AFM phase image of this
specimen, two clearly different zones are observed, hence, the bright zones correspond to the
PP phase and the dark zones correspond to the NR phase. The morphological properties are
dramatically different in the case of AFM phase images, when the compatibilizer is added. So,
a change in the bright zones is observed. In the case of NR/PP/CA.s, there are less bright
zones than the control sample, due to the effect of the compatibilizing agent which promotes
the adhesion between the two polymer phases. Nevertheless, the AFM phase image of
NR/PP/CAs, shows the brightest zones. A possible explanation of this morphology is that it
could be due to the fact that CAsg has more level of epoxide content compared to CAzs. Also
ENR has higher viscosity than PP-g-MA (which has already been obtained through the RPA
results), in addition to a higher compatibilizing effect due to the higher chemical interaction
between the polar groups in ENR and PP-g-MA. The AFM phase image color depends on the
rigidity of the components, in addition to other factors such as the type of tapping. However,
since all the samples were prepared and measured under the same conditions, at moderate
tapping, therefore, the changes in the rigidity can only be attributed to changes in the rigidity

of the components as a result of the higher interactions induced by the CAs.
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Figure 1V.35 The AFM Height (a), (b), (c) and Phase (d), (e), (f) images of 70/30 NR/ PP
TPE blends for the control NR/PP blend (a,d), NR/PP/CA (10phr) (b,e), and NR/PP/CAs,
(10phr) (c,f). (Darker regions represent NR phase and lighter regions represent PP phase).
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1V.3.2.2 Effect of dynamic vulcanization on the morphology of the TPV blends

For a 70/30 NR/PP composition, prior to dynamic vulcanization, PP is the minor component
and is the dispersed phase in the NR matrix. During dynamic vulcanization of such a blend,
NR and PP have to undergo a phase inversion to maintain the thermoplasticity of the blend.
The usual way for preparing TPVs is, first, melt-mixing rubber with a thermoplastic, and co-
continuous phase morphology is generated. Subsequently, a vulcanization agent for rubber is
added to crosslink the rubber phase. Then, the rubber phase is no longer able to coalesce into
a continuous phase. As the degree of crosslinking advances during mixing, the continuous
rubber phase becomes elongated further and then breaks up into polymer droplets. As these
droplets form, the thermoplastic polymer becomes the continuous phase. Thus, TPVs with
fine dispersed rubber particles in the thermoplastic matrix will be obtained.

As noted in the Experimental part, NR/PP TPVs were prepared according to the following
method, that is, NR was first compounded using a two-roll mill at room temperature. Then the
PP was first preheated for 5 minutes in the mixing chamber without rotation. It was then
melted for 2 minutes at a rotor speed of 60 rpm. The compatibilizer was incorporated and
mixed for 2 minutes. The NR compound containing the curatives was added and mixing was
continued until a plateau mixing torque was reached. The blend products were finally
pelletized and the final product was cut into small pieces. AFM images were measured to

check the occurrence of phase inversion.

To study the morphological changes of the dynamically cured NR/PP blend, the height and
phase images of the three selected samples are shown in Figure 1V.36. The darker regions
represent the PP phase, and the lighter regions represent the NR phase. As shown in Figure
IVV.36, a co-continuous structure is observed in Height and Phase images, for the 70/30
control NR/PP TPV blend (a),(d),NR/PP/CA2s (10phr) (b),(e), and NR/PP/CAsy (10 phr)
(c),(f) TPV blends, respectively. This morphology is ascribed to the coalescence of some NR
rubber droplets.

Figure 1V.36 (d) is an AFM image of the dynamically vulcanized NR/PP. In this micrograph,
the morphology of large crosslinked NR particles (light) which are dispersed in the PP matrix
(dark) can be observed, indicating the occurrence of phase inversion, and the large rubber
particles have a tendency to be co-continuous because no compatibilizer was added.

Figure 1V.36 (e, and f) presents the AFM images of the dynamically vulcanized NR/PP/CAs
blends, wherein the light area represents the crosslinked rubber phase and the dark area is the
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PP phase. From these AFM images, it can be seen that for a 10 Phr of ENR/PP-g-MA content,
phase inversion exists and the rubber phase is finely dispersed in the PP matrix.

Furthermore, the size of the crosslinked rubber particles decreases especially for the
CAso-containig blends (Figure 1V.36 (f)) (higher epoxidation level in CAsy than in CAgs)

A plausible explanation for this morphology is that the dynamic vulcanization which caused
an increase of the viscosity of the NR phase, while that of PP maintaining its flow mobility,

resulted in phase inversion.

Different forms and sizes of the two phases change as more interactions develop, especially
for the CAsp-containing system compared to the control NR/PP thermoplastic vulcanizate
blend (Figure 1V.36 (d)).
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Figure 1V.36 The AFM Height (a), (b), (c) and Phase (d), (e), (f) images of 70/30 NR/ PP
TPV blends for the control NR/PP blend (a,d), NR/PP/CAs (10phr) (b,e), and NR/PP/CAs
(10phr) (c,f). (Darker regions represent PP phase and lighter regions represent NR phase).
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IV.4 Thermal properties

Thermal stability is relevant for the use of polymeric materials in a growing field of
applications. A detailed understanding of the thermal degradation/ stability and of the Kkinetic
parameters of polymers is important in the design of materials for specific use [27,28].
Polymer blending has a great influence on the thermal stability of individual polymers [29].
One of the widely accepted methods for studying the thermal properties of polymeric
materials is thermogravimetry (TG). Thermogravimetric data will provide the number of
stages of thermal breakdown, weight loss of the material in each stage, threshold temperature
.etc. Both thermogravimetry (TG) and derivative thermogravimetry (DTG) provide
information about the nature and conditions of degradation of the material. Compatibility of
the polymer blends can be studied by differential scanning calorimetry (DSC). This will
inform about the glass transition temperature (Tg) and melting temperature (Tm) of the
polymeric material. Miscible blends will show single, sharp transition peak (Tg) intermediate
between that of the blend components. Separate peaks will be obtained for immiscible blends.

In the case of borderline miscible blends, broad transition peaks are obtained [30-35].

The aim of this chapter is to study the thermal properties of both the unvulcanized and
dynamically vulcanized NR/PP blends with and without the addition of the compatibilizer
(ENR/PP-g-MA).

IVV.4.1 Differential scanning calorimetry
IV.4.1.1 Thermal properties of the parent polymers

Figure 1V.37 shows the DSC thermograms of neat PP and PP-g-MA during the second
heating and cooling cycles, respectively. The DSC thermograms of neat NR, neat ENRs, and
neat ENRsp are shown in Figure 1V.38. According to Figure 1V.37, it is seen that the
crystallization temperature (Tc) and melting temperature (Tm) of PP and PP-g-MA were
observed in these thermograms. The melting temperature of PP and its heat of fusion AHs,
Tm= 159°C,AH¢= 88 J/g are slightly higher than those of PP-g-MA, Tm= 157°C,AH¢= 85 J/g,
respectively. On the other hand, it is observed that the crystallization temperature of PP-g-MA
as well as its heat of crystallization AHc,Tc=112°C,AHc= -83 J/g are lower than those of PP,
Tc=116 °C,AHc = -78 J/g. This is probably due to the fact that the grafted branches disrupted
the regularity of the chain structures in PP and increased the spacing’s between the chains;

consequently, the percentage crystallization and therefore AH decreased.
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According to Figure 1V.38, it is seen that the Tg of neat NR, neat ENR3s5, and neat ENRsy is
—66°C, —41°C, and —22°C, respectively. The Tg of ENRs (either ENR,s or ENRsp) is higher
than that of NR due to the insertion of the epoxy group in the polyisoprene chain, which
decreases the rotational freedom of the polymer backbone. The Tg of ENRsg is higher than
that of ENR3s due to higher polarity of ENRsg. This means that the higher the epoxidation
level the higher is the Tg.
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Figure 1\VV.37 DSC thermograms of PP, and PP-g-MA.
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Figure 1VV.38 DSC thermograms of NR, ENR3s5, and ENRs
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1V.4.1.2 Thermal properties of the compatibilizing agents

Figure 1V.39 shows the DSC thermograms for PP-g-MA, ENR2, ENRs,
CAus: ENR2s/PP-g-MA, and CAso:ENRso/PP-g-MA. 1t was found that the crystallization
temperature (Tc) of neat PP-g-MA is about 112°C, and that of the PP-g-MA phase in CAs,
and CAsp blends shifted toward higher temperatures (118°C). On the other hand, the Tg of
neat ENR2s, ENRs, ENR2s/PP-g-MA, and ENRso/PP-g-MA were found to be —41°C, —22°C,
—42°C, and —16°C, respectively. It is also observed that the crystalline melting temperature

(Tm) of ENRs/PP-g-MA (CAs) remained unchanged compared with neat PP-g-MA.

The decrease in crystallinity and increase of Tc in the CAs compared to neat PP is due to the
fact that ENR reacted with PP-g-MA and resulted in a crosslinked structure. This is evidenced
also by the increase of the glass transition temperature of the CAs since the crosslinked
structure reduced the chain mobility. The increase of Tg was more pronounced in the case of
CAs due to a higher epoxydation level. This alteration of the degree of crystallization could
also be due to the presence of some impurities in the ENR.

The DSC results are summarized in Table 1VV.3
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Figure 1V.39 DSC thermograms of PP-g-MA, ENR2, ENRsy, CAz: ENRys/PP-g-MA,
and CAso:ENRs/PP-g-MA.
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Table 1.3 Thermal properties of parent polymers and CAs.

First heating run Second heating run
Cooling run
-90°C to 200°C -90°C to 200°C
200°C to -90°C
Tg1 Tm1 AHf1 Xcl Tc AHC ng Tmz AHfz
Parent polymers and CAs Xc C Xc2 (%)
0 0 (J/g) (%) Q) (3/9) (0 (0 (J/9)
NR -66.02 / / / / / / -66.09 / / /
ENR2s -41.26 / / / / / / -41.44 / / /
ENRsg -22.01 / / / / / / -22.04 / / /
PP / 164.04 | 89.09 43 116.06 | -78.94 -38 / 159.23 | 87.69 42
PP-g-MA (0.6 wt% of MA) / 163.30 | 72.06 35 11250 | -83.42 -40 / 157.67 | 80.62 38
ENR/PP-g-MA (50/50) -41.24 | 161.98 | 46.41 44 118.02 | -39.89 -38 -42.00 | 157.84 | 41.49 40
ENRzo/PP-g-MA (50/50) -17.41 | 159.32 | 4559 44 118.44 | -42.40 -41 -16.66 | 157.84 | 42.76 41

1VV.4.1.3 Thermal properties of the CA-containing TPE blends

The DSC thermograms for the CAjs and CAsp-containing TPE blends are presented in
Figure 1V.40 and Figure 1V.41, respectively.

Table 1V.4 presents the melting temperature Tn, heat of fusion AHyf, and the fractional
crystallinity y. obtained by DSC. The percentage crystallinity of the control NR/PP
thermoplastic elastomer blend and those of the CA-containing blends at different CA,s and
CAs contents are presented in Figure 1V.42. It can be observed that while Ty, and AH;
remained almost unchanged, the crystallization temperature increased for both the CAz and
CAsp-based blends. On the other hand, the addition of the compatibilizing agents caused a
decrease of y. values compared to that of the unmodified blend. The crystallization behavior
of the dispersed PP phase in the blend has been altered as a result of a reduction of the
spherulite size and a reduced thickness of the crystalline lamellae. It can therefore be deduced
that this alteration of the crystallization behavior resulted from the addition of the
compatibilizing agents containing ENR and PP-g-MA.

It has been established that the factors that reduce the ability to crystallize depends on the
mobility of the macromolecular chains, the presence of a rigid structure, and also on the
interchain interactions. Therefore, this alteration of the crystallization behavior noted with the
blends studied could be attributed to the crosslinked structure of the CAs, which reduced the
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mobility of PP chains, to the interactions that developed between the blend constituents, and
also due to the presence of the OH functional group present on the chains of the
compatibilizing agents. The mechanism mentioned by Nakason C et al [1] is in favor of this

explanation.
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Figure 1VV.40 DSC thermograms of BO: NR/PP, B1: NR/PP/CAs (5 phr),
B2: NR/PP/CA,s (10 phr), B3: NR/PP/CAs (15 phr).
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Figure 1V.41 DSC thermograms of BO: NR/PP, B4: NR/PP/CAs, (5 phr),
B5: NR/PP/CAs (10 phr), B6: NR/PP/CAs, (15 phr).
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Table 1V.4Thermal properties of the CA-containing TPE blends.

TPE blends Tm (°C) AH¢(J/9) %(%0)
BO 162.20 24.94 48
Bl 161.82 25.35 39
B2 161.19 24.71 37
B3 160.74 24.96 36
B4 162.24 23.43 36
B5 159.61 26.15 39
B6 159.41 25.16 37
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Figure 1V.42 Percentage crystallinity (yc) of the control NR/PP blend, and those of the CAys,
and CAso-containing blends.

1V.4.1.4 Effect of dynamic vulcanization

Figure 1V.43 and FigurelV.44 show the DSC thermograms of NR/PP TPV blends prepared
with different CAys and CAsp contents, respectively. The different thermal entities such as

glass transition temperature (Tg), melting temperature (Tm), heat of fusion (AHj),
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% crystallinity (Xc), and heat of crystallization (AH;) of the control NR/PP and the
CA-containing TPV blends are presented in Table IV.5. The crystallization temperature (Tc)
and melting temperature (Tm) of the control NR/PP TPV blend were around 117 °C and
160 °C, respectively. Increasing the CAs contents (either CAzs, or CAsp), in the blends did not
change significantly the melting peak (Tm),the crystallization temperature (Tc), and the glass
transition temperature (Tg) compared to the control NR/PP TPV blend. Also, it can be
observed that a slight increase in AHs was observed when 15 Phr of CA was present in the
TPVs blend compared to the control NR/PP blend value. However, the most striking result
noted for the dynamically vulcanized CA-containing blends is the increase of the percentage

crystallinity especially for the CAsy containing TPV. In fact, . increased by 3% compared to

the control 70/30 NR/PP TPV without CA (52 % for the 10Phr of CAsy, 49% for the control

NR/PP TPV blend).

On the other hand, it is shown that the percentage crystallinity of the CA-containing TPV
blends is higher than that of the CA-containing TPE blends. This could be attributed to phase
inversion caused after dynamic vulcanization, which means that the PP chains becoming the
continuous phase with a lower viscosity and higher mobility had no barrier anymore against
their ability to crystallize. It can therefore be considered that these DSC findings confirm the

rheology results as well as the SEM and AFM observations.
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Figure 1V.43 DSC thermograms of BOV:NR/PP, B1V: NR/PP/CA s (5 phr),
B2V: NR/PP/CA,s (10 phr), and B3V: NR/PP/CA,s (15 phr).
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Figure 1V.44 DSC thermograms of BOV:NR/PP, B4V: NR/PP/CAs (5 phr),
B5V: NR/PP/CAs (10 phr), and B6V: NR/PP/CAs (15 phr).

Table 1V.5 Thermal properties of the CA-containing TPV blends.

TPV Tc AHc Te Ty Tm  AHt
blends (°C) (J/9) (%0) °C) (O (g (%)
BOV 117.33 -28.63 -45 -62.69 160.05 30.72 49
B1V 117.12 -30.04 -46 -63.29 15941 32.04 50
B2V 117.77 -27.75 -42. -62.94 159.58 31.66 48
B3V 116.77 -32.87 -48 -63.12 160.49 34.14 50
B4V 117.22 -31.07 -48 -63.33 160.11 33.05 51
B5V 117.59 -30.91 -46 -63.63 159.53 34.40 52
B6V 116.59 -31.94 -46 -62.49 160.74 33.37 49
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I1V.4.2 Thermogravimetric analysis

IV.4.2.1 TGA and DTG analysis of the CAs

The thermal stability of any polymeric material is largely dependent on the strength of the
covalent bonds between the atoms forming the polymeric molecules. The dissociation energy
of the bonds C-H, C-C, C-0, C=C,0-H, and C=0 bonds were reported to be 414, 347, 351,
611,464, and 732 kJ/mol, respectively [36]. PP-g-MA contains C—C and C—H, and C=0
bonds, whereas, ENR contains all the above bonds except C=0 bond. Thus, it may be
expected that the blends of PP-g-MA with ENR will possess higher thermal stability than
PP-g-MA.

TGA is the most widely used method to investigate the thermal stability of polymers over a
wide range of temperature. In this work, TGA was used to investigate the thermal stability of
PP-g-MA, ENR2, ENRsp, CAzs: ENR2s/PP-g-MA, and CAsp: ENRso/PP-g-MA. The TGA
thermograms of the compatibilizers are shown in Figure 1V.45 (A). It can be observed that
neat PP-g-MA and neat ENRs decomposed in one step. However, the degradation of their
blends, occurs in two stages corresponding each to the decomposition of ENR followed by
PP-g-MA.

The temperatures of the decomposition for the first stage ranged from 340°C to 390°C, which
corresponded to the decomposition of ENR. For the second stage, the temperatures ranged
from 400°C to 450°C corresponding to the PP-g-MA decomposition. The maximum peak
position temperatures of the first and the second decomposition steps of CAs (Figure 1V.45

(B)) are summarized in Table IV.6.

Table 1V.6Temperature of the first and the second decomposition steps of the CAs.

Samples Tdmax(°C) Tdmax,(°C)
PP-g-MA 415 /
ENR2s 355 /
ENRs 400 /
ENR2s/PP-g-MA 356 430
ENRso/PP-g-MA 352 430
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Figure 1V.45 TGA (A) and DTG (B) thermograms of PP-g-MA, ENRjs5, ENRs,
ENR2s/PP-g-MA, and ENRso/PP-g-MA.
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1V.4.2.2 Thermogravimetric analysis of the CA-containing TPE blends

The thermal stability was studied by means of the thermogravimetric analysis over the
temperature range between room temperature and 600°C. As shown in Figure 1V.46, and
Figure 1V.47 the TGA and DTG curves of the blends based on CA,s (B1, B2, B3) were found
to have the same form as those of the CAsy compounds (B4, B5, B6). These thermograms
show that all the samples exhibited a two-step degradation pattern. We can also observe that
for either the CAy or CAsp-based blends which exhibited the same general degradation
pattern, at the three contents, the curves superimpose on that of the control NR/PP blend.
Moreover, as shown in Figure 1V.46 and Figure 1V.47, from which the decomposition
temperatures(T4) were obtained, it was found that while the temperature of the onset of
degradation of NR in the blend remained unchanged (Tq; = 347 °C), that of PP insignificantly
decreased by 2 degrees (from Ty, = 432 °C for neat NR/PP to 430 °C for thel5 phr
CA-containing blend). These findings mean that the addition of the compatibilizing agents did
not influence much the thermal stability.
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Figure 1V.46 TGA and DTG thermograms of BO: NR/PP, B1: NR/PP/CA;s (5 phr),
B2: NR/PP/CA,s5 (10 phr), B3: NR/PP/CAs (15 phr) TPE blends.
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Figure 1V.47 TGA and DTG thermograms of BO: NR/PP, B4: NR/PP/CAs (5 phr),
B5: NR/PP/CAsp (10 phr), B6: NR/PP/CAsq (15 phr) TPE blends.

1V.4.2.3 Thermogravimetric analysis of the dynamically vulcanized blends

The thermograms of the dynamically vulcanized TPVs for the CAz and CAsp- containing
blends are shown in Figure 1V.48, and Figure 1V.49, respectively. These curves exhibited
the same patterns as those of their TPE counterparts. However, as shown in Table V.7, it
was found that the decomposition temperature Tdi;, which corresponds to the onset of
degradation of the elastomer phase, for the 10 Phr CA,s, and CAsp-based TPV decreased by
5°C and the decomposition temperature Td, which corresponds to the onset of decomposition
of the thermoplastic phase decreased by 7°C compared to the control NR/PP TPE blend.

Eventhough no plausible explanation can be made concerning these effects, these results
reflect the complexity of the system studied. This contrast becomes significant if we include
the possible vulcanization reaction that could occur in the ENR phase in addition to that in
NR. In reality, vulcanization of single phase rubbers improves the thermal stability since more
energy is required to break the bonds of the network formed.
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Figure 1V.48 TGA and DTG thermograms of BOV: NR/PP, B1V: NR/PP/CAs (5 phr),
B2V: NR/PP/CA,s (10 phr), B3V: NR/PP/CA;s (15 phr) TPV blends.
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Figure 1V.49 TGA and DTG thermograms of BOV: NR/PP, B4V: NR/PP/CAs (5 phr),
B5V: NR/PP/CAso (10 phr), B6V: NR/PP/CAs, (15 phr) TPV blends.
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Table IVV.7 TGA and DTG results of the TPE and TPV blends with and without CAs.

Blends Tg(°C) T42(°C)

BO 347 432
B2 347 430
B5 348 430
BOV 342 425
B2V 342 425
B5V 343 425
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IVV.5 Conclusions

In this chapter, the following conclusions were drawn:

1-

The presence of compatibilizers at different concentrations caused an improvement in
the mechanical properties of both TPE and TPV blends compared with the control
70/30 NR/PP blend without compatibilizer. This was reflected by the increase of
tensile strength and Young’s modulus and a decrease of the elongation at break with
the increase of the amount of the CA.

The dynamic mechanical characterization of the TPE and TPV blends pointed out the
increase in the elastic modulus and decrease of the loss modulus with increasing
concentration of the compatibilizing agents. The addition of the CA at different
contents caused also an increase and shift in the glass transition temperature (Tg)
along with larger tan & peaks. The DMA results revealed also that the Tp transition
peak, relative to the PP phase in the blend, disappeared for the unvulcanized CAs or
CAso-containing blends but was more pronounced and shifted by almost 9°C for the
dynamically vulcanized system with respect to the control 70/30 NR/PP blend.

The morphology as observed by SEM and AFM revealed a more homogeneous
distribution of the dispersed PP phase for the CA-containing TPE systems compared
to the control NR/PP blend. The morphology of the TPVs was characterized by the
dispersion of small particles of the vulcanized elastomeric phase in the thermoplastic
phase indicating the occurrence of phase inversion.

The study of the thermal properties by DSC showed that the increase of the CA
concentration led to a decrease in the percentage crystallinity for the unvulcanized
TPEs but an increase for the TPVs; which was attributed to phase inversion.

The TGA measurements showed that the incorporation of the compatibilizer did not
have any significant effect on the thermal stability of the TPE blends. However, it was
found that the decomposition temperatures of the two phases decreased for the
dynamically vulcanized blends compared to the TPE blends, an unexpected result that

reflects the complexity of the system studied which involves many conflicting factors.
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General Conclusions

The objective of this work was to investigate the effect of the addition of a 50/50 blend of

ENR/PP-g-MA as a compatibilizing agent on the rheological, mechanical, dynamic

mechanical, morphological and thermal properties of a 70/30 NR/PP thermoplastic elastomer

blend.

The following results were obtained:

1-

The FTIR analysis revealed that upon blending, ENR reacted with PP-g-MA and
produced ENR-grafted PP with an ester and acid-based linkage. This crosslinked
reaction was confirmed during the preparation of the compatibilizer by the rise of the
mixing torque noted when ENR was added to PP-g-MA. Confirmation of this reaction
was obtained also from the 'H-NMR characterization since dissolving the CAs in hot
xylene produced a swollen gel.

Evidence to suggest compatibilization was then observed from the Brabender
plastograms of the NR/PP blends containing the compatibilizers. These plastograms
showed a moderate increase of the torque when the CAs were added. This increase
was attributed to the interactions that developed with the blend constituents through
the functional groups of ENR and PP-g-MA. From the Brabender plastograms, it was
also found that, compared to ENRys; the ENRsp-based CA caused a plastization effect
by reducing the viscosity which was reflected by the value of the final torque. For the
TPVs, it was found that the torque increased also as a result of the incorporation of the
CA as well as the dynamic vulcanization which was carried out using a mixture of
TMTD, DTDM, and CBS.

The RPA measurements indicated that the viscosity of both types of the
compatibilizing agents was higher than that of their respective individual values,
confirming hence the crosslinking reaction which results upon blending ENR with
PP-g-MA. Moreover, the RPA results revealed that, the viscosity of both TPEs and
that of TPVs increased with increasing the concentration of both types of the CAs.
The same trends were observed for the effects on the storage modulus.

The degree of crosslinking of the elastomer phase in the blends dynamically
vulcanized by sulfur donors at different amounts of CAs was estimated by measuring
the swelling index. It was found that the swelling index decreases continuously with
increasing the CA concentration. It can therefore be inferred that changes down to the

molecular level have taken place due to the interaction of CA,s and CAsy with PP and
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NR, and that the vulcanizates changed to a stiffer and less penetrable material by the
solvent.

The mechanical properties results confirmed the enhancement of the interphase
interactions for both the unvulcanized blends and the dynamically vulcanized ones.
This was reflected by the increase of tensile strength and Young’s modulus and a
decrease of the elongation at break with the increase of the amount of the CA.

The dynamic mechanical characterization of the TPE and TPV blends pointed out the
increase in the elastic modulus and decrease of the loss modulus with increasing
concentration of the compatibilizing agents. The addition of the CA at different
contents caused also an increase and shift in the glass transition temperature (Tg)
along with larger tan & peaks. The DMA results revealed also that the Tp transition
peak, relative to the PP phase in the blend, disappeared for the unvulcanized CAs or
CAso-containing blends but was more pronounced and shifted by almost 9°C for the
dynamically vulcanized system with respect to the control blend.

The morphology as observed by SEM and AFM revealed a more homogeneous
distribution of the dispersed PP phase for the CA-containing TPE systems compared
to the control NR/PP blend. The morphology of the TPVs was characterized by the
dispersion of small particles of the vulcanized elastomeric phase in the thermoplastic
phase indicating the occurrence of phase inversion.

The study of the thermal properties by DSC showed that the increase of the CA
concentration led to a decrease in the percentage crystallinity for the unvulcanized
TPEs but an increase for the TPVs; which was attributed to phase inversion.

The TGA measurements showed that the incorporation of the compatibilizer did not
have any significant effect on the thermal stability of the TPE blends. However, it was
found that the decomposition temperatures of the two phases decreased for the
dynamically vulcanized blends compared to the TPE blends, an unexpected result that
reflects the complexity of the system studied which involves many conflicting factors.
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Recommendations

Recommendations
For an eventual continuation of this work, it would be beneficial to further investigate:

1-Study of the chemical structure of the individual CAs as well as that of the resulting TPE

using a solid-state NMR.
2- Study the mechanism of the vulcanization reaction.
3-Extend the study to:

3-1 Arigid type of TPNR; for example, a 50/50 NR/PP using a lower MFI grade of PP,
3-2 Another type of TPE such as a blend of a synthetic rubber with a polyolefin.

3-3 The use of other dynamic vulcanization systems.
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Abstract

The objective of this work is to study the effects of the incorporation of a 50/50 blend of Epoxidized Natural Rubber /
Polypropylene-grafted maleic anhydride (ENR/PP-g-MA) as a compatibilizing agent (CA) for a thermoplastic elastomer
based on a 70/30 Natural Rubber / Polypropylene NR / PP blend on the rheological, mechanical, dynamic mechanical,
morphological and thermal properties.

Several formulations of this type of elastomer containing different concentrations of CA (from 5 to 15 Phr) were prepared by
mixing in the molten state Natural Rubber and Polypropylene using a Brabender plasticorder. The cure response of a
vulcanization system based on sulfur donors; namely: tetramethylthiuram disulfide (TMTD), 4,4'-Dithiodimorpholine
(DTDM), and N-Cyclohexyl-2-benzothiazole sulfenamide (CBS) and the CA effects were assessed through the Brabender
plastograms and swelling index. The rheological behavior was examined by means of a Rubber Process Analyser (RPA). The
mechanical properties were determined by the tensile measurements, and the dynamic mechanical properties were also
investigated. Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) were used for the morphological
examination. The thermal properties were measured by means of the Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA).

The Brabender plastograms as well as FTIR analysis revealed that upon mixing ENR reacts with PP-g-MA and a crosslinked
structure results. Evidence of compatibilizing effects was obtained from an improved mechanical and dynamic mechanical
properties; which was attributed to a reduction of the interfacial tensions and an enhanced interphase interactions imparted by
the CAs.

The study of the thermal properties by DSC showed that the increase in the concentration of CA led to a decrease in the
percentage of crystallinity for the TPEs but an increase for the TPVs; which was attributed to phase inversion. On the other
hand, the TGA showed that the incorporation of the compatibilizer did not have any significant effect on the thermal stability
of the blends.

SEM and AFM examinations revealed a more homogenous distribution of the dispersed PP phase for the CA-containing
blends compared to the control NR/PP system. The morphology of dynamically vulcanized blends is characterized by the
dispersion of small particles of the vulcanized elastomeric phasein the thermoplastic phase.

Keywords: Natural Rubber, Polypropylene, Thermoplastic Elastomer, Epoxidized Natural Rubber,Polypropylene-grafted
Maleic Anhydride,Compatibilizing Agent.

Résumé

L'objectif de ce travail est d'étudier les effets de ’addition d’un mélange de Caoutchouc Naturel Epoxydé/Polypropyléne
greffé par ’anhydrid maléique (ENR/PP-g-MA) en tant qu’agent compatibilisant (AC) sur les propriétés de 1’elastomer
thermoplastique a base du mélange Caoutchouc Naturel/Polypropyléne (NR/PP). Les différents mélanges étudiésont été
préparés a 1’état fondu en utilisant un mélangeur BRABENDER.

Pour évaluer I’influence de I’AC, plusieurs techniques d’analyse ont été utilisés ; notamment la rhéologie par RPA (Rubber
Process Analyser), détermination des propriétés mécaniques de traction, la DMA en mode de tension, la DSC, I’ATG et
DTG, la MEB et I’AFM pour la caractérisation morphologique.

Le suivi des plastogrammes au cours de la préparation des AC a révélé que ’ENR réagit avec le PP-g-MA et produit une
structure réticulée. Cette structure a été confirmée grace a 1’analyse par FTIR.

Les résultats ont montré que 1’effet compatibilisant a été obtenue vu I’amélioration des propriétés mécaniques et mécaniques
dynamiques. Ceci a été attribué a la réduction des tensions interfaciales et I’augmentation de I’adhésion interphases causées
par les agents compatibilisant. D’autre part, la DSC a révélé que 1’augmentation de la concentration des AC a conduit a une
diminution du taux de cristallinité de la phase thermoplastique pour les mélanges non vulcanisés, mais a causé une
augmentation de celui-ci pour les mélanges dynamiquement vulcanisés. Ceci a été attribué a I’inversion de phases en
conséquence de la vulcanisation dynamique.

Par ailleurs, 1’analyse thermogravimétriques a montré que 1’incorporation des agents compatibilisant n’affect pas trop la
stabilité thermique.

L’examen de la morphologie par MEB et AFM a révélé une distribution homogéne de la phase dispersé pour les mélanges
non vulcanisés. Celle des mélanges dynamiquement vulcanisés est caractérisée par la dispersion des particules de la phase
¢lastomérique en raison de I’inversion de phases.

Mots clés : Caoutchouc Naturel, Polypropyléne, Elastomére Thermoplastique, Caoutchouc Naturel Epoxydé, Anhydride
Maléique,Agent Compatibilisant.
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