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Chapter 1

General Introduction

1.1 INTRODUCTION

From grips on power tools to tooth brushes, from seals on car windows to syringes, from
components in the car interior to residential window gaskets, wire and cable jacketing,
thermoplastic elastomers (TPEs) are slowly replacing conventional vulcanized rubbers and many
leading plastic materials. This is because of their good crosslinked rubber like properties,
superior processability and ability to recycle scrap. These materials are being used on a large
scale in everyday life, without the public being aware of the fact that they are actually TPEs and
are different from the rubbers they see in the tyres of their car.

TPEs have a number of practical advantages over conventional rubbers:
1. No vulcanization and little compounding required;
2. Thermoplastic processing methods like injection molding, extrusion, blow molding and
thermoforming are possible;
Scrap can be recycled;
Properties can be easily adjusted within certain limits, by changing the ratio of the
components;

TPEs have been in the market for some 30 years!" and are still experiencing a high
growth rate in their usage. Five main families of TPEs are commercially important.” These are:

1. Styrenic block copolymers (SBCs);

2. Thermoplastic elastomer blends: (This includes thermoplastic olefinic blends (TPOs),

and thermoplastic vulcanizates (TPVs);

3. Polyurethane based block copolymers (TPUs);

4. Polyether based block copolymers (TPEts);

5. Polyamide based block copolymers (TPAs);

For most TPE families, new generation materials are constantly being developed to meet
the demands of customers, a large number of which are mainly automobile manufacturers. This
is, because TPEs can easily meet the physical, chemical and aesthetic requirements of several
automotive products and provide cost advantages and design flexibility to the automotive

engineer.
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Intra-TPE competition is emerging now, as broader families of these materials are
becoming more familiar to a wider range of potential customers. Soft-touch applications such as
mobile phone grips, computer accessories, pen and toothbrush handles, knobs and sports goods
are targets for soft-touch TPVs, styrene-(ethylene-butylene)-styrene block copolymers (SEBS)
and TPUs. Similarly in the automotive sector, driver-side airbag covers and instrument panel
skins are targets for TPO, TPV, and TPU materials, depending on the models and the motor

company’s requirements and philosophy towards design, style and comfort.

1.2 MOTIVATION OF THE THESIS

Thermoplastic elastomer blends of rubber and plastic, which cover about 50 % of the
market share in TPE business,"! are clearly the most exciting among TPE families. TPEs made
this way have gained considerable importance in recent years, because the blends give rise to
certain properties that cannot be attained by other means or from individual components. Blends
with two or more phases can be organized into a variety of morphologies. The mechanical
properties of the blends critically depend on the nature of this arrangement of the phases. These
properties are mainly the mechanical and rheological characteristics. So morphology is generally
considered to be a key parameter that must be tailored to achieve the desired mechanical
properties of polymer blends.

In this thesis two different rubber blends with polypropylene are compared, which show
similar properties despite having dissimilar morphologies. The resulting blends are very popular
TPE materials. One of them is a blend of dynamically vulcanized ethylene-propylene rubber
(EPDM) with isotactic polypropylene (PP) in which the EPDM phase is vulcanized using a
phenolic resin cure system. This blend belongs to the family of TPVs. Although TPVs can be
made from different combinations of rubber and plastics, in this thesis the term TPV is used to
imply crosslinked EPDM/PP/oil blends. The other one is a blend of styrene-(ethylene-butylene)-
styrene block copolymer (SEBS) with isotactic PP, belonging to the family of TPOs. In this thesis
the term TPO is sometimes used to refer the SEBS/PP/oil blends. The difference between TPVs
and TPOs is that the rubber phase is chemically crosslinked during mixing in a TPV and not in a
TPO. In addition to the rubber and PP component, both blends also contain a significant amount
of paraffinic oil, added mainly for reasons of processability and to vary the hardness of the
compounds. The EPDM/PP TPVs are reported to have a dispersed EPDM phase in a PP
matrix.”! The SEBS/PP blends are reported to have a co-continuous morphology.” The similarity
in the properties of these two blends makes them competitive materials for similar sorts of
applications and, at the same time very interesting materials for studying the complex relationship

between morphology, rheology and properties of rubbery polymer blends.
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TPVs based on dynamically vulcanized EPDM and PP are already commercially available from
the 1970’s."" Dynamic vulcanization implies that the EPDM phase is vulcanized during the
process of its melt mixing with PP. The vulcanizing agent can be sulfur, a phenolic resin system
or organic peroxide. Studies on the structure-property relationship in these systems, especially
when using phenolic resin as curative agent for the EPDM phase, are not totally new.””!
However, some fundamental questions related to the morphology of these systems are still not

understood. The dispersed nature of the EPDM phase in blends with high rubber and oil content
is questionable. Electron microscopy images of TPVs having EPDM contents larger than 60 vol.-
% are very difficult to interpret. They give an impression of a continuous rubber phase: Figure
1.1. If this is true, how it is possible for such a blend to demonstrate thermoplastic processability?
Some other questions that need to be addressed are: How sensitive are the mechanical
properties to the morphology in these blends? What are the influences of composition, shear
rates, preparation methods (batch versus continuous process), melt flow index of PP, screw
configuration (twin-screw extruder) on the morphology of these blends? How is the morphology

related to rheology and processability?

| A=SE2 Date :28 Jan 2002

Signa
Photo No. = 755 Time :15:41:21

Figure 1.1 Scanning electron microscopy of an
EPDM/PP/oil TPV blend.

Blends of SEBS rubber with PP are relatively new as compared to TPVs and practically
little information is known about them. SEBS itself is a thermoplastic elastomer, in which rubbery
ethylene-butylene blocks are sandwiched between two polystyrene blocks: Figure 1.2. They
belong to the family of styrenic block copolymers, abbreviated as SBCs. The polystyrene phase
and ethylene-butylene phases in SEBS are phase separated. Below the glass transition
temperature of the polystyrene blocks (around 100°C), the polystyrene blocks are physically

crosslinked into clusters of 20 nm, which provide elasticity to the network: Figure 1.3. These are
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comparable to the chemical crosslinks in the EPDM phase in TPVs. Adding PP to SEBS
increases the processability of SEBS.®! Further, the upper service temperature and solvent

resistance is improved. Much higher strength is obtained and the blends are optically transparent.

—¢ CH;— CH)CH,—CH, )t CH,~—CH) - CH, —CH % —

CH,—CH,

Figure 1.2 Molecular structure of SEBS block copolymer.

SEBS/oil

Figure 1.3 TEM images of (a), SEBS/PP/oil blends; (b), magnified
image of SEBS phase

Open literatures on the structure-property relationship of SEBS/PP/oil blends are rare.
The reason for their resemblance in properties with TPVs is largely unknown. A major issue is the
role of oil in these TPE blends. It is possible to make olefinic TPEs with different hardness by
varying the PP-rubber ratio. The softness of a TPE is generally increased by lowering the PP
content and adding oil or by both. Besides reducing the hardness, the oil also serves as
processing aid allowing the blend to flow smoothly during extrusion and injection moulding.
Although oil-amounts as high as 200 parts per hundred rubber are sometimes added to these
TPE formulations, its role in the properties of a TPV is poorly understood. Some of the vital
questions in this respect are: (a) How is the oil distributed between the phases in the melt and in
the solid state? (b) Does it change the morphology? (c) How does it change the rheology and
other properties?

Both types of products are presently making inroads as potential replacements for
vulcanized rubbers. The melt flow properties and surface appearances, as influenced by melt
fracture phenomena, are major points of concern. This processability is determined by the

particular morphological structures of these compounds under processing conditions. The



General Introduction 5

technological approach taken by most companies is to solve these problems in an empirical way,
by optimizing the choice of the raw materials. A morphological study linked with rheological
characterization of the blends under processing conditions will greatly help in the understanding
of the underlying mechanisms. This can provide new leads to optimization of these blends in view

of their intended use.

1.3 AIM OF THE THESIS

This thesis will investigate the inter-relationship between morphology, rheology and
mechanical properties of oil extended EPDM/PP TPVs and SEBS/PP TPOs. The primary goal is
to investigate how the properties of these TPE blends are determined by the properties of the
component polymers and by the blend morphology that is created during the melt mixing process
by changing the composition and processing conditions. The use of different microscopic
techniques for the study of the morphology of these systems and the possibility of extending from
2D-imaging to 3D-imaging will be explored. Further different possibilities to alter the morphology
of these blends and studies on the effect on the rheology and mechanical properties will be

reported.

1.4 STRUCTURE OF THE THESIS

The necessity of comparing the structure-property relationship of these two TPEs must be
stated first. Chapter 2 will cover the background of each TPE with special emphasis on the
analogy in the mechanical properties of these systems. A short review of the morphology and
deformation behavior of these blends is also given.

The use of different microscopic tools, like scanning electron microscopy (SEM), low
voltage scanning electron microscopy (LVSEM), atomic force microscopy (AFM) and
transmission electron microscopy (TEM) for morphological studies on these systems will be
examined in Chapter 3. The pros and cons of each technique normally associated with oil
extended blends will be discussed. This will be useful to optimize a suitable characterization
technique for the blend morphology. Further, extension from 2D-imaging, to 3D-imaging using
electron tomography, a traditionally biological technique, will be covered.

Chapter 4 will show a one-to-one comparison of the mechanical properties of oil-
extended dynamically vulcanized EPDM/PP TPVs and SEBS/PP blends. Studies on the
compositions of each blend type differing in PP and oil content, prepared using internal mixer and
twin-screw extruder will be reported. The studies will cover the stress-strain, thermal, dynamic

mechanical and compression set properties in addition to morphology of these blends.
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The stress-strain properties of these blends must somehow be related with the properties
of individual phases in the blends. The correlation between morphology and mechanics of
deformation will be explored in Chapter 5. The modeling of the stress-strain behavior of these
TPE blends, using data about oil distribution between the components and stress-strain data of
binary oil blends, will be presented.

Chapter 6 will investigate the evolution of morphology in an internal mixer and twin-screw
extruder. This will be useful to interpret the morphology images presented in the previous chapter
and will lead to ways for changing the morphology of these blends.

Different possibilities to alter the morphology of these blends will be explored in Chapter
7. Factors like melt flow index (MFI) of PP, shear rate of mixing, temperature and time of mixing,
compression moulding conditions and their effects on the morphology and properties of these
blends, will be reported.

Finally, in Chapter 8 conclusions will be drawn on the findings of all previous chapters and

suggestions will be made as to the directions of any further research, which may be undertaken.
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Chapter 2

Structure - Property relationship in TPE blends

The available know-how on the  structure-property relationships of EPDM/PP
TPVs and SEBS/PP/oil blends is reviewed. Although there is quite some open literature on morphology,
mechanical and thermal properties, rheology and processing of TPVs, comparable information on
SEBS/PP/oil blends is very limited. TPVs have undergone an evolutionary change in the design of curing
system, compounding techniques and method of production aiming at higher elasticity, thermal stability and
better processability. New researches in TPVs have focused on understanding the oil distribution between
the phases, deformation mechanisms and evolution of morphologies during blending. Studies on soft TPVs
containing a high volume percent of rubber and oil are however limited. The morphologies of these blends
appear to be co-continuous, which is in contradiction to their thermoplastic processability. The properties of
these compositions are close to that of SEBS/PP/oil blends, which make them both suitable for a lot of

common applications in automobiles, soft-touch goods, medical applications etc.

Research on SEBS is mainly focused on its use as a compatibilizer and impact modifier for brittle
thermoplastics. SEBS/PP/oil blends as a potential alternative to vulcanized EPDM rubber have been
developed only in the early 1990’s. Preliminary research on these blends has given some insight into their
morphology, mechanical and thermal properties, rheology, processing and oil distribution. More
fundamental studies on understanding their deformation mechanism, oil distribution in the melt and

morphology evolution are still not reported.

The present chapter gives a comprehensive overview of the various research works in the field of
TPVs and SEBS/PP/oil blends reported so far.
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2.1 INTRODUCTION

Polymer blends are a smart and economical way to combine the properties of two or more
polymers into a single product. Due to positive entropy of mixing, most polymer blends are
however immiscible and show phase separation. The phases in immiscible polymer blends can
arrange themselves in three types of morphologies: (a) dispersed phase morphology, (b)

stratified morphology, (c) co-continuous morphology.

The morphology is determined by several factors: (a) nature of the polymers, (b)
interfacial tension, (c) the ratio of the viscosities of the components, (d) volume fraction of the
components, (e) processing conditions — both the mixing equipment and the process factors are
important. The mechanical properties of these blends are very much dependent on morphology.
Dispersions of droplets of the minor phase in a matrix of the major phase are most common.
These types of blends are used in rubber modification of brittle polymers to improve the impact
properties.' The minor phase can also be dispersed as fibers: in these blends the properties
are mainly improved in the direction of the fibers. ! Blends with stratified structure enhance
barrier properties®® and co-continuous morphologies show a combination of the characteristics of
both polymer components.®'"! The transfer of load and energy between the components
depends on the arrangement of the phases and the extent of adhesion between them. In case of

poor adhesion, a compatibilizer is necessary.

Apart from influencing the solid-state properties, the morphology also influences the
rheological properties of the blends. The opposite is also true for many polymer blends. i.e. the
morphology can change during processing operations. This has far reaching implications. These
blends are processed through different techniques like injection molding, extrusion, blow molding
and compression molding in the course of their fabrication into useful products. Since the
morphology of immiscible blends is intricately related to the flow behavior during processing and
this morphology determines the end-use properties, understanding the relationship between
these factors is necessary for successful design of a product. The complex interrelationship

between morphology, rheology and processability is shown schematically in Figure 2.1.
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Figure 2.1 Schematic representation of the relationship between morphology, rheology and

properties in polymer blends.

Thermoplastic elastomer compounds based on blends of isotactic polypropylene and
rubber are designed to provide thermoplastic processability and rubber-like properties in a single
product. Rubbers that have been successfully blended with polypropylene to give technically

(21 ethylene propylene-diene

useful thermoplastic elastomer blends are natural rubber (NR)
rubber (EPDM)"?, acrylonitrile-butadiene rubber (NBR)'? and styrene-(ethylene-butylene)-
styrene rubber (SEBS)."™! The best elastomer-PP blends are those in which the solubility
parameters of the polymers are matched, entanglement molecular length of the elastomer is low,
and when the PP is 15 - 30% crystalline.!""! For polymers differing in solubility parameter (ex. PP
and NBR), one must resort to compatibilization techniques.™™ The relationship between
morphology-rheology-properties of rubber-PP blends has been the subject of extensive research.
This has led to significant understanding of the fundamental principles governing the properties of

these blends, resulting in versatility in product design and performance.

The objective of this chapter is to get a comprehensive insight into what is known on the
structure-property relationships of dynamically vulcanized EPDM/PP blends and unvulcanized
blends of SEBS with PP. Unfortunately, the amount of open literature about SEBS/PP blends is
very limited as compared to EPDM/PP TPVs. Except for the papers of Ohlsson!'® and
Veenstra!'! there is hardly any other paper that has directly addressed the structure-property
relationship of these blends. Therefore the present review on SEBS/PP/oil blends is mainly

based on findings of these two investigations.



10 Chapter 2

This chapter is divided into two sections. In the first section, literature on TPVs will be illustrated.
Blends of SEBS with PP will be reviewed next.

2.2 EPDM/PP TPVs
2.2.1 General product definition

EPDM/PP TPVs are different from conventional blends of EPDM/PP, structurally and property
wise. In TPVs, the EPDM phase is crosslinked during mixing with PP under dynamic shear, a
process known as dynamic vulcanization. Although the content of EPDM usually exceeds that of
PP, after dynamic vulcanization the soft EPDM phase is dispersed in the hard PP matrix.
Historically, Uniroyal Chemical Corporation was the first company to introduce dynamically
vulcanized EPDM/PP blends. This was based on the work of W.K. Fisher!” who filed patent
applications in 1971 on his discovery of partially crosslinking the EPDM phase of EPDM/PP
blends with peroxide. Since peroxide degrades PP during mixing, Fisher limited the amount of
peroxide in his compositions, resulting in partially crosslinked TPVs. These blends came into
focus in 1978, after the detailed study by Coran and Patel!’®?® on the morphology, tensile
properties, compression set and solvent swelling characteristics of sulfur cured EPDM/PP blends.

Investigations made by Coran et al.*” revealed that:

1. As compared to conventional non-vulcanized EPDM/PP blends, significant improvement in
permanent set, mechanical properties, fatigue resistance, oil resistance, and temperature

resistance can be achieved by dynamic vulcanization.

2. Best values of tensile strength, modulus, hardness and tension set are obtained when the

elastomer particles in the blends are small enough (1-1.5 um) and if they are fully vulcanized.

The initial studies by Coran and Patel delineated the scope and potential utility of these TPVs.
Further research was carried out to study the interrelationship between the nature of the base
polymers, curing systems, morphology, rheology, production methods and properties of TPVs.

This section provides leading references for an introduction to TPV materials.

2.2.2 Influence of PP and EPDM grades

The grade of EPDM can have a pronounced influence on the properties of TPVs. The

influence of ethylene content, diene content and molecular weight of EPDM, on the morphology,
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crosslink density, tensile properties and compression set of TPVs has been studied by Datta,®"

using factorial design of experiments. The experiments showed that the requirements of EPDM
for better tensile properties and compression set properties are diagonally opposite. Low
molecular weight EPDM with low ethylene and diene content results in TPVs with better rubber
properties, like improved compression/tension set. According to Legge®® these grades are also
better in low temperature properties. High molecular weight EPDM grades with a high weight
ratio of ethylene and diene content result in TPVs having high tensile and tear properties.”!! The
experiments showed that a reduction in diene content results in an increase in crosslink
density.”"! The reason for this peculiar observation was related to the rate of curative diffusion. If
the number of double bonds are too high, a highly crosslinked shell is formed around a lightly
crosslinked core, and so curative diffusion to the core is difficult. Low molecular weight EPDM
gives a weaker composition - lower E-moduli and tensile strength - than high molecular weight
EPDM at similar amount of curative. According to Sabet et al./®®! these EPDM grades also
required higher amounts of curatives to achieve similar crosslink densities as high molecular
weight EPDM.

Although the soft phase is important for elastic properties, most TPV properties are
dominated by the hard matrix phase. In addition to processing temperatures, key properties such
as thermal softening, heat deflection temperature and physical properties at elevated
temperatures are directly influenced by the PP phase.” The amount of open literature on this
subject is limited. According to Ellul®®, TPVs with improved elastic properties, both in the solid
state and melt, can be prepared if long chain branched PP is used instead of linear PP. The
improved elasticity comes from a different deformation mechanism in which the EPDM phase is

deformed first, almost independent of PP.

2.2.3 Influence of curative system

The choice of crosslinking system is important in TPVs, because apart from imparting
elasticity, they influence the wetting characteristics and interfacial adhesion of the EPDM and PP
phases as they are being mixed, with a resulting influence on the mechanical properties. Sulfur
curing of EPDM results in TPVs with poor compression set properties.'*® This is because, sulfur
crosslinks of any unsaturated rubber, including EPDM often result in structures of the following
type (Figure 2.2a), where x and y are about 1-2 for efficient vulcanization systems and 2-4 for

conventional systems:*°!



12 Chapter 2

(a)
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Figure 2.2 (a),Typical structure of sulfur bridges in sulfur cured elastomers; (b),Typical

structure of resol (R= iso-octyl and n = 1-3).

The sulfur present in the cyclic ring (y) and the excess sulfur in the crosslinks (x) contribute to the
poor compression set properties. The TPVs swell considerably in aliphatic, aromatic or
chlorinated hydrocarbons. Additionally, sulfur cured EPDM/PP TPVs show poor surface
appearance during extrusion or injection molding.

Significant improvements in the compression set, oil resistance and processing
characteristics of these TPVs were obtained by Abdou—Sabet and Fath in 1977.%"1 They used a
cure package consisting of a resol phenolic resin (dimethyloloctylphenol), cure activator
(stannous chloride dihydrate) and zinc oxide instead of sulfur. The typical structure of the resol is
shown in Figure 2.2b. Zinc oxide acts as hydrogen chloride or bromide scavenger and promotes
the reaction of phenolic resin. According to these investigations, the phenolic resin reacts only
with the EPDM phase i.e., there is no substantial quantity of graft formation between the
polyolefin resin and the EPDM rubber. The reactivity depends on the type and amount of diene
present in the EPDM. Ethylidene-Norbornene (ENB) diene contents in amounts higher than 2.5

271 The rubber is said to be

wt.-% are sufficient to completely cure the EPDM phase in TPVs.
completely cured, when it is vulcanized to the extent that no more than about three—percent of
the rubber is extractable in cyclohexane at 23 'C or no more than about five percent of the rubber
of the blend is soluble in boiling xylene.?"!

Various mechanisms have been proposed to interpret phenolic-diene cure. In some
models, dienes are consumed leading to a saturated backbone during cure® while in others,
double bonds are preserved.? Recent experiments by Ellul et al.*® suggest that some but not all
of the double bonds are consumed during curing with the phenolic resin curative, indicating that
more than one curing mechanism could be present.

TPVs cured with resol often stain painted surfaces. The presence of stannous chloride also

makes them hygroscopic, which necessitates a pre-drying step before extrusion and injection
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molding. The extent of staining can be reduced if the phenolic resin curatives are esterified, - e.g.
acetylated, tosylated, silylated or phosphorylated - before using as a curative.®"!
Peroxide/coagent curing of TPVs is not so common because of its degrading effect on
PP. So preparing TPVs with high crosslink density is difficult using peroxide cure. Recently, some
advances have been made in this direction by use of an EPDM with vinylidene norbornene as the
diene.”® Naskar et al.®? studied the effect of different peroxides on the mechanical properties of
TPVs. Dicumyl peroxide (DCP) curing assisted with triallyl cyanurate (TAC) as coagent gave the
best combination of properties, because of better solubility parameter match with EPDM. A major
problem with the DCP/TAC combination is the smell and bloom caused by side products of the
vulcanization.®® Recently, use of multifunctional peroxides combining peroxide and coagent
functionality in one single molecule are reported which give properties comparable to DCP/TAC

combinations in TPVs and without the aforementioned negative effects.*!

Novel curing agents based on organosilane have been reported for TPVs as well.
Synthesis and mechanical properties of TPVs based on these organosilanes are reported by Fritz
et al.B¥

The crosslink density of the EPDM phase in TPVs is difficult to estimate. In one approach
it was assumed that PP does not change the crosslink density of the EPDM phase, i.e. there is
little or no resin interaction with the PP.'" In that case, samples of EPDM vulcanized under
conditions, selected to simulate the conditions of dynamic vulcanization, can be used. Crosslink
densities of these samples can then be measured with solvent swelling using the Flory Rehner
equation."! However, static vulcanization of EPDM is not equivalent to dynamic vulcanization
due to lack of high shear and longer time scales, which translate to different cure efficiency.
Other methods based on the use of Proton Nuclear Magnetic Resonance Spectroscopy ('H-
NMR) and Dynamic Atomic Force Microscopy (AFM) are discussed by Ellul et al.?*® An increase
in crosslink density shows up as broadening of the peak base in '"H-NMR and an increase of
force modulation amplitude in dynamic AFM. The results are influenced by the presence of PP,
fillers, inhomogeneities in the magnetic fields, and therefore a comparison of the crosslink density
among TPV samples with different PP and filler contents cannot be made. In addition, the "H-
NMR experiments are difficult to perform, because the spectrometer conditions must be kept the
same and experiments should be done with the same shimming parameters. Another option is to
use Electron Spin Resonance (ESR) spin probe as reported by Marinovic et al.*® In this method
a probe (2,2,6,6-tetramethyl-4-oxopiperidinooxy) is incorporated in the EPDM phase. The probe

partitions into two motionally different environments in the EPDM domains above T, depending
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on the density of crosslinks. The ratio of the amount of motionally slow component to the amount
of fast component increases with increase in crosslink density.

The most common procedure used to evaluate the state of cure consists of determining
the amount of rubber soluble in cyclohexane or boiling xylene. As explained before, the rubber is
regarded as fully cured when it is cured to the extent that no more than about three percent of the
rubber is extractable in cyclohexane at 23 ‘C or no more than about five percent of the rubber in
the blend is extractable in boiling xylene.””! Using a phenolic resin and stannous chloride curative

package, fully cured TPV compositions can be obtained.

2.2.4 Production methods

Thermoplastic vulcanizates of EPDM/PP are produced using either batch or continuous
mixing techniques. The most common batch mixers are internal intensive mixers, such as the
Banbury mixer. In the internal mixer, usually the EPDM and PP are first melt-mixed and
afterwards vulcanizing agents are added. If the curatives are added after the rubber and molten
plastic are thoroughly mixed and intimately dispersed, crosslinking of the rubber usually occurs
after the polymers are thoroughly mixed. If vulcanizing agents are added in the beginning
together with the polymers, a part of the vulcanization occurs before melting and mixing of the
plastic with the rubber. Later, with further mixing, the rubber domains are broken down by the
shearing action of the mixer or mill. Experiments by Lépez-Manchado et al.’”! show that these
differences have no influence as such on the tensile properties of TPVs.

Continuous mixing techniques can be performed in co-rotating twin-screw extruders. Till
recently, the dynamic vulcanization processes were not entirely satisfactory for making soft
compositions because, as the rubber level rises, the resulting compositions become less
processable. For example, the compositions give poor extrudates and, sometimes, cannot be
extruded at all. Accordingly, there is a need for processes for preparing soft, extrusion-
processable, thermoplastic elastomeric compositions. According to a patent from Abdou-Sabet et
al.®® the properties of the extrudate can be improved if the plastic and the rubber are subjected
during vulcanization to a shear rate of about 2500 to 7500 s™'. The thermoplastic elastomer
compositions so produced exhibit superior tensile properties, including higher tensile strength
and greater elongation at break and also exhibit better processability. The compositions prepared
under low shear rate conditions in a Banbury mixer (about 360 s”) are not satisfactorily

processable by extrusion.
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2.2.5 Morphology

As already mentioned, TPVs are characterized by a rubber phase dispersed in the form of
small particles in a PP matrix. The dispersed EPDM phase may contain trapped PP.**! Similarly,
the matrix PP phase might contain a small amount of rubber.®®! Typical rubber particle sizes for
phenolic cured TPVs are within 1-5 microns. Such dispersed phase morphology has not been
widely accepted, especially when it came to explaining the true elastomeric properties of the soft
elastomer products, i.e. 64 and 55 Shore A hardness products. Interaction among the rubber
particles, leading to a network of vulcanized elastomer phase that gives the appearance of two
co-continuous networks, has been proposed.”?? Studies focused on establishing the dispersed
phase morphology of TPVs were made by Sabet et al.”® His experiments showed that the EPDM
phase was dispersed even in a 80/20 EPDM/PP blend.

The particle size of EPDM in TPVs can be altered by different methods. A high mismatch
in melt viscosity between the EPDM and PP phase results in larger EPDM particles.?" The
second option is to increase the EPDM/PP ratio. If carbon black filled EPDM is used as starting
materials for the preparation of TPVs, larger particles are obtained after dynamic vulcanization as
compared to TPVs with corresponding unfilled EPDM.*% The curing system also influences the
particle size. Sulfur curing results in a larger particle sizes as compared to phenolic resin cured
TPVs. This is because the sulfur links can exchange among themselves, a capability that would
cause the rubber particles to coalesce.”? The amount of curative affects the particle size
distribution. An increase in curative content results in narrower EPDM domain size.*"

The development of morphology of these blends has been the documented by several
authors.® 2 Since morphological changes are very fast, special sampling devices™*’! are
necessary to quickly take out a sample from the mixer and cold-quench it with little chance of
coalescence. The initial morphology, i.e. the morphology before the addition of curing agent
varies both with the viscosity ratio of the components and the blend composition. In most cases,
the rubber phase is found to be dispersed in the PP-matrix. In case the viscosities are close, the
morphology becomes co-continuous, which then undergoes phase inversion.*®! Whatever might
be the initial morphology, upon addition of the crosslinking agent, it changes into dispersed phase
morphology of EPDM in PP.

Usually, TPVs based on EPDM/PP do not need compatibilization. This is because the

solubility parameters are close to each other. The mechanical properties can be further improved
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if the blends are in-situ compatibilized by ultrasonic treatment prior to dynamic vulcanization or

first dynamically vulcanized and then ultrasonically treated.!*!

2.2.6 Rheology

The viscosities of both EPDM and PP are highly shear-sensitive, with significant drops at
high shear rates. At high shear rates the viscosity difference between EPDM and PP is reduced,
which is desired to decrease the size of the dispersed rubber particles.” The effect of dynamic
vulcanization on the viscoelastic properties of EPDM/PP blends was reported by Coran et al.['%],
Katbab et al.*” and Steeman et al.!*®! Experimental studies show that TPV melts behave similarly
to filled polymer systems. The TPVs show a higher viscosity as compared to corresponding
unvulcanized blends. The rheological behavior further depends on the applied stress. Unlike PP,
at low stresses the materials shows a yield stress, which is attributed to the presence of an
interacting network of rubber particles. The presence of a yield stress was experimentally proved
by Han and White.*®! At higher stress, passing the yield stress, this network is broken and the
material flow behavior follows a power law model. As the concentration of EPDM phase
increases with respect to PP, the shear viscosities of the TPVs increase as well and the blend
viscosities show much higher values at lower stress. The yield stresses also increase sharply
with increasing rubber content. Moreover, unlike for PP, the Cox-Merz rule stating the
equivalence between the dynamic viscosity and steady state viscosity is not obeyed.*! This
means that complex viscosity data cannot be used to predict the steady state response of the

polymer melt.

Studies on the dynamic properties of TPVs - dynamic modulus of elasticity and viscosity,
over a wide range of frequency and strain amplitude - have been reported by Marinovic et al.*®
The storage and loss moduli decrease gradually with increasing strain. Such behavior resembles
that of rubbers with active fillers such as carbon black or silica. The decrease in dynamic
functions in filled polymers is commonly quoted to be caused by the breakdown of the secondary
filler network.* In TPVs the secondary structure is represented by molecules of PP being
anchored in EPDM particles. The drop of storage modulus with increasing strain is fastest for
samples with the highest degree of crosslinking. Initially, the storage modulus is higher than the
loss modulus, i.e. the material exhibits more elastic behavior. With increasing deformation the

TPVs become progressively more viscous and the two curves intersect.
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A usual way to quantify the molecular weight of PP is by its melt flow index (MFI). In this
test the amount of material extruded from a capillary at 230'C/2.16 kg is measured. This
experiment was found unsuitable for TPVs, because the low L/D ratio of the capillary does not
allow for fully developed flow. Moreover the L/D ratio of the capillary is in the range of the Bagley
correction for TPVs and so the melt flow index not only depends on the viscosity of the polymer,
but also on the entrance pressure drop. However, in our opinion the test is not suitable for TPVs
due to the presence of a yield stress that makes it difficult to flow. In this study the die swell and
draw down ratio of a 60 Shore A TPV material was also investigated.*”! A relatively low level of
die swell was observed, which was accounted for by the fact that the vulcanized rubber particles
reduce the mobility of the chains under the influence of applied shear stress. The melt draw ratio,

although low, was found to be high enough for use in blow molding and foaming applications.

Studies on the shear and uniaxial elongational viscosity of TPVs have been reported by
Han and White.*®! While the elongational viscosity of PP is roughly constant as a function of
shear rate, for TPVs, both viscosities are decreasing functions of shear rate. The elongational

viscosity is roughly three times larger than the shear viscosity.

2.2.7 Properties
Stress-strain plots of TPVs are extensively reported in publications. A typical stress-strain
plot of TPVs is shown in Figure 2.3 below.
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Figure 2.3 Stress-strain curves of EPDM/PP TPVs at
different compositions of EPDM/PP. 18]
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The stress increases sharply with strain and then gradually, after passing through the yield point
of the PP. The yielding process undergoes changes with increase in EPDM content, such that the
yield peak disappears at a composition ratio of 80/20 wt.-% EPDM/PP. The tensile behavior shifts
towards that of vulcanized EPDM. The tensile strength of the TPVs is higher than that of the
corresponding unvulcanized blends. The tensile strength of TPVs shows an inverse relationship
with increasing EPDM content, which is explained by the increase in the concentration of semi
crystalline PP as the continuous phase.*? The tensile strength and elongation at break values
are an inverse function of elastomer particle diameter.* In general, TPVs do not require much
compounding to achieve the desired combination of properties. Usual additives are oil, clays,
pigments and stabilizers. Fillers like carbon black impart better tensile properties than unfilled

samples. "%

49 Their results show that, in

Thermal properties of TPVs were reported by Xiao et al.
TPVs with increase in curative concentration, the crystallization temperature and the degree of
crystallinity of the PP phase decreases whereas the melting temperature of PP increases. The
influence of cooling rate on the crystallization behavior and subsequent structure development of
the PP-matrix in TPVs was investigated by Scharnowski et al. ®® They concluded that the rubber
phase influences the structural development of the PP-matrix by hindering the crystal growth,
resulting in smaller spherulites. On the other hand, the rubber phase acts as a nucleating agent,
which leads to formation of more stable crystals. Interestingly, these authors suggest that the

stannous chloride added to the phenolic resin cured TPVs acts as a nucleating agent for PP.

Reprocessability studies of TPVs and reproducibility of measured solid state and melt
properties were reported by Marinovic et al. ®® Their results indicate that melt viscosity, tensile
strength and elongation at break of the TPV remain almost constant (varying within 2-9%) even

after three cycles of repeated preheating and extrusion.

2.2.8 Deformation behavior of EPDM/PP TPV

The conventional picture of a TPV consists of cured rubber particles dispersed in a matrix
of thermoplastic polymer. In such morphology it is expected that the ductile nature of the
thermoplastic will dominate during deformation, giving rise to poor elastic behavior and high
compression set values. However, the TPVs are able to shrink back from their highly deformed

state just like a vulcanized elastomer even though the matrix consists of ductile polymer. Thus
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the bulk properties of TPVs are not governed by the ductile nature of the matrix, but mostly by

that of the elastic dispersed phase.

Various workers®'®® have carried out studies on the deformation mechanism of
EPDM/PP-TPVs. The results of current modeling approaches are in stark contrast with one
another. According to the two-dimensional model of Kikuchi et al.*" at least 70% of the PP matrix
is deformed beyond its yield point when the material is stretched. The rest 30% PP are present at
the particle poles and are unyielded due to lower stress concentration. The unyielded polar
ligaments connect the rubber domains and allow for elastic recovery. This model fails to explain
how the elastic forces in the EPDM-phase can pull back such large amounts of plastically
deformed PP. According to the model suggested by Kawabata,® the adhesion between the
particles and the matrix is very weak apart from a few points on the interface, so that large
amounts of voids are formed when the TPV is deformed. These voids allow the rubber to deform
mechanically independent of the matrix, while the small areas in which the rubber particles are
still connected to the matrix hold the material together. How adhesion and debonding can occur

on the same particle-matrix interface is not explained in this model.

Recent studies by Boyce and coworkers®®***! showed that most of the matrix PP does not
yield at all but undergoes rigid body motion, which is opposite to the assumptions made by
Kikuchi.®" WAXD patterns of oil extended TPVs as investigated by Ying Yang et al.*® showed
negligible PP orientation at strains where pure PP shows a strong orientation. This has been
related to a different morphology of PP crystallites in TPVs compared to pure PP. Only thin PP
ligaments between the particles yield while the rubber domains shear around the undeformed PP

regions creating a pseudo-continuous EPDM phase.

The schematic representation of this phenomenon explaining the deformation behavior
was given by Soliman (Figure 2.4).®% According to her model the adhesion between the particles
and the matrix is assumed to be good. At low strains, both the matrix and the rubber phase
deform elastically and the applied deformation is almost fully recoverable. At higher strains, the
semi-crystalline polymer in the continuous phase will be strained on an average well beyond its
yield strain and thus will undergo plastic deformation. This will initiate and concentrate on those
areas where the matrix is thinnest. Areas that are directed transversely to the applied tension
direction will bend or buckle while those under tension yield and draw. Even at higher strains the
thicker regions will be at lower strains or remain even unyielded and will act as rigid blocks that

hold the rubber particles together. The thinner regions of the matrix will be at strains, which are
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much higher than the applied strain and which are intrinsically not recoverable. Upon unloading,
the highly stretched thin areas can undergo some reverse plastic deformation under the elastic
force of the rubber phase, but are more likely to buckle because of the asymmetry of the local

loading.

PP

EPDM

Figure 2.4 Schematic representation of TPV

deformation.®

Huy et al.®® have used infrared dichroism to investigate the deformation mechanism of
TPVs. The orientation of the EPDM phase was found to be higher than that of the PP phase. The
orientation of the EPDM phase depends on the strain but not on the PP content. Interestingly, the
orientation of the PP phase increased not only with increasing strain but also with crosslink
content. With respect to the total strain of the material, the orientation in the PP phase of the
dynamic vulcanizates was found to be lower and in the EPDM-phase higher than the
corresponding orientations of the pure components. The deformation process was explained on
the basis of the Takayanagi model.”® The experiments also showed that the deformation is
mainly concentrated in the EPDM particles and not in the matrix. So most of the matrix is not
deformed. Similar experiments by Soliman et al.® showed that the total amount of deformed PP

can be reduced by presence of a mineral oil.

A novel approach based on microcellular modeling has been proposed by Wright et al.*"!
In this model the TPV is considered to be a filled foam: the foam struts are regions of PP and the

foam interstices are “filled” EPDM rubber. This model, which takes into account the cure state of
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the rubber phase, could accurately predict the yield stress and permanent set of TPVs as a
function of PP concentration, but is independent of morphological terms such as the domain size
of the EPDM.

To conclude, the deformation mechanism of EPDM/PP TPVs is still not clear. In the view
of recent advances, constitutive micro-mechanical models seem to be much more closer to the

actual mechanism, as compared to traditional approaches in explaining this process.

2.2.9 Oil distribution

The distribution of oil within the EPDM and PP phases under processing conditions and in
the rubbery state is difficult to quantify. Such an estimate is necessary for the rational design of
TPVs with optimal processability. The oil is generally believed to be present in the EPDM phase
in the rubbery state. In addition, some oil can reside in the amorphous regions of PP, which

[ An attempt to study this distribution at processing temperatures

improves the processability.
was made by Winters et al.®® using solid state "*C-NMR. Both TPVs with and without talcum
were studied. Unfortunately, about 30% of the added oil could not be traced back in the TPV
loaded with talcum filler, because the paramagnetic Mn?'-ions present in the talcum filler
suppressed a substantial amount of response from the oil. These experiments however indicated,
that the oil is not confined to the EPDM phase at processing conditions. Upon melting, it diffuses
out of the EPDM and forms a separate phase. This effect contributes to lowering the viscosity at

processing temperatures.

A novel approach to study the oil distribution has been proposed by Sengers.®™ In this
work, dielectric relaxation spectroscopy (DRS) was used to determine the oil distribution in the
solid state. N,N-dibutyl amino nitrostilbene was used as a probe molecule. The oil distribution in
the melt was measured by comparing the storage and loss moduli of ternary blends with those of
binary PP-oil and vulcanized EPDM-oil blends and making use of empirical models. Results show
that in solid state and in the melt the oil prefers the elastomer phase. The distribution coefficient
K, defined as the ratio of the concentration of the oil in the PP phase to the one in the elastomer
phase, has values smaller than 1. In the melt, K depends strongly on composition- it increases
with increasing oil content and decreasing PP content. At ambient conditions the average value
of K is about 0.63. K increases slightly with increasing PP content and remains constant by

changing the oil content.
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2.3 SEBS/PP/OIL BLENDS
2.3.1 General product definition!"!

Styrene-(ethylene-butylene)-styrene block copolymers (SEBS) belong to the family of styrenic
block copolymers (SBCs), which are seen as high-volume workhorses in comparison with other
TPE materials. The other two major types of SBCs are: styrene-butadiene-styrene block
copolymers (SBS), and styrene-isoprene-styrene block copolymers (SIS). SBS and SIS block
copolymers are prepared by anionic copolymerisation of butadiene or isoprene with styrene, in
presence of an initiator. The polybutadiene mid-segment in SBS is produced as a random
mixture of two structural forms of the molecule, called the 1,4- and 1,2- isomers. SEBS is
prepared from SBS by subjecting the later to selective hydrogenation. Kraton polymers are the
largest supplier of SEBS based materials and the polymers are marketed as Kraton G. A

schematic representation of SEBS block copolymer is shown in Figure 2.5.

The polystyrene and ethylene butylene segments in SEBS are incompatible and form a
two-phase system, which persists even in the melt below a certain temperature. Many
arrangements of the two-phase system are possible, depending on the styrene to ethylene-
butylene ratio.’*® ®"! The polystyrene domains tend to cluster as hard domains in the soft ethylene-
butylene matrix. These tie down the ends of the ethylene-butylene rubber chains to give an
interconnected network or physical crosslinking. On heating, these domains soften and the
copolymer becomes fluid; on cooling the domains become hard again, the network regains its
strength and the polymer becomes elastic again. SEBS as such is a stiffer material as
compared to SBS and SIS due to a higher number of chain entanglements in the polyethylene-
butylene midblocks. Due to the saturated backbone, SEBS offers much higher ozone and UV

resistance, resp. heat resistance as compared to SBS and SIS.

PS domain

EB matrix

Figure 2.5 Schematic representation of SEBS block copolymer.
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Block copolymers like SBS, SIS and SEBS are characterized by an order — disorder temperature
(ODT) or microphase ftransition temperature (MST). This is the temperature at which the
microphase-separated state changes into a single-phase state. The extent of microphase
separation for a given block copolymer composition is determined by the overall degree of
polymerisation (N) and the Flory-Huggins parameter (y). The ODT is characteristic for a given
combination of cN.®? It has been shown experimentally that symmetrical triblock copolymer

systems become ordered when the product of cN is equal to 18.16% &4

SEBS is never used as pure material. The 2-phase structure allows the formulator two
areas in which to modify the materials for an appropriate balance of properties. Oils and resins
can be added to the elastomeric phase to soften or tackify the polymer. Aromatic end block

resins can be added to the polystyrene end-block regions to harden and strengthen compounds.

Blends of SEBS with PP and oil are relatively new TPE materials. Polypropylene as an
additive acts in two different ways to improve the properties of compounds. First, it gives the
compounds better processability. Second, when the compounds are processed under high shear
and then quickly cooled, (e.g., in injection molding or extrusion), the polypropylene and the
SEBS/oil mixture forms two co-continuous phases. Polypropylene is insoluble at service
temperature and has a relatively high crystalline melting point of about 165°C. Thus, the
continuous polypropylene phase significantly improves both the solvent resistance and the upper

service temperature of these compounds.

SEBS has a high melt viscosity, which makes it extremely difficult to process. Therefore, it
is always blended with large amounts of process oils. The oils can be added without the risk of
bleeding out, allowing very soft compounds to be produced. Paraffinic oils are preferred, because
they are more compatible with the EB center segments than the napthanic oils used with similar
SBS based compounds. Oils with high aromatic content are not compatible with the EB-block.
The structure of SEBS-oil gels is described by Mischenko et al.®® and Laurer et al.®® Similar
studies on styrene-(ethylene-propylene)-styrene block copolymer (SEPS) and SIS block

copolymers have been reported by Laurer et al.?"]

Unlike TPVs the amount of open literature on SEBS/PP/oil blends is very limited. Several
studies on the use of SEBS as a component in blends with thermoplastic polymers have been
published.’®® Most of these studies focus on the use of SEBS as compatibilizer.®*"? Use of SEBS

el73.741

in toughening of polyethylene, ionomers, polypropylen polystyrene!™ and poly(2,6-

dimethyl-1,4-phenylene oxide) has also been reported. ['°!
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2.3.2 Influence of PP and SEBS types

SEBS being a block copolymer can exhibit different morphologies and properties
depending on the polystyrene to ethylene butylene ratio.l”” ”® For example, the higher the ratio of

hard polystyrene vs. rubber phase, the harder and stiffer the resultant copolymer.

A comparative study of syndiotactic PP and isotactic PP in blends with SEBS was
reported by Setz et al."® Compositions with syndiotactic PP were found to be softer with inferior
mechanical properties as compared to corresponding blends with isotactic PP. The morphology
of the blends were found to be similar in both cases. The molecular weight of PP might have an
influence on the blend morphology. However, the morphologies of SEBS/PP/oil blends having
composition 34.5 wt.-% SEBS, 34.5 wt.-% PP and 31 wt.-% oil, prepared using PPs with MFI’s of
1.5 and 20, were both found to be 100% co-continuous. Thus the degree of co-continuity was not

affected by variations in PP molecular weight.[”!

2.3.3 Production methods

The blends can be prepared by solvent casting or melt blending. Solvent casting method
for the preparation of a SEBS/PP blend is described by Setz et al.” In this method SEBS and
PP were dissolved in boiling toluene to get a clear solution, which was then precipitated, in
methanol. The influence of casting temperature on the morphology of the SEBS film is described
by Wang et al.®”!

Melt blending is performed in an internal mixer or twin-screw extruder. Experiments with
a twin-screw extruder and an internal mixer showed that the mixing technique affected the
composition range in which the polymers formed a co-continuous structure. In a blend with 75
wt.-% PP, 13.3 wt.-% SEBS and 11.7 wt.-% oil, the SEBS phase was found to be dispersed in a
twin-screw extruder. Only 28% of the SEBS phase could be extracted from this blend. However
when the same blend was prepared in an internal mixer, 60% of the SEBS phase was
extractable. This shows that the degree of co-continuity was higher when prepared in the internal

mixer.!'®!
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2.3.4 Morphology

Blends of SEBS with PP and oil were reported to form a co-continuous morphology in a
composition range from 10 to 55 % by weight of PP.I"® A co-continuous morphology is more
difficult to characterize compared to a dispersed phase morphology. Different characterization
methods for analysing co-continuous structures are reported by Li and Favis.®"! In most cases,
co-continuous morphologies are detected using a combination of electron microscopy and
solvent extraction studies.®®®! The reason for the broad range of co-continuity in the
SEBS/PP/oil blends is not fully understood. According to Ohlsson!'®® the reason for this
continuity is the miscibility between the EB blocks of SEBS and PP in the melt. In a composition
range in which the SEBS matrix can take up all of the polypropylene and oil without breaking up
the polystyrene junctions, crystallization of PP should lead to the formation of solid blends with a

co-continuous two-phase structure.

A more fundamental study of the formation and stability of co-continuous SEBS/PP
blends was performed by Veenstra et al.®>%! Their study showed that the stability of the co-

continuous structure is related to a complex combination of parameters, i.e.:
1. low interfacial tension between PP and SEBS (0.9 mN/m);
2. presence of physical crosslinks via the styrene phase during melt blending with PP.

The range of co-continuity is related to the temperature of blending. Stable co-continuous
morphologies were found over a wide range of compositions when the blending temperature was
below the ODT of SEBS. The morphology was stable even after annealing. Blending at
temperatures above the ODT also lead to a reasonably wide range of co-continuity, but when
annealing was performed at these temperatures the range of co-continuity decreased

significantly.

The mechanism of formation and stability of co-continuous structures was investigated by
Willimse®®?®! and Veenstra®?®® According to these authors, formation of co-continuous
morphologies demands stable interconnected elongated structures that do not show breakup or
retraction, whatever their origin might be. There is some discussion in the literature, whether the
formation of polymer blends proceeds via a droplet deformation/breakup mechanism® ®! or by a
sheet forming mechanism.®**® A co-continuous morphology can be depicted by an
interconnection of these stable elongated structures. The presence of physical crosslinks

stabilizes these structures and the stress generated due to differences in interfacial tension
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causes break-up of these structures. Veenstra®® also studied the breakup mechanism of
threads of different polymers imbedded in a SEBS matrix at different temperatures. The polymer
with least difference in the interfacial tension was found to be most stable to breakup. This shows
that co-continuous morphologies in SEBS/PP blends are stable over a wide range of

compositions and processing conditions mainly due to low interfacial tension.

2.3.5 Rheology and processing

The flow behavior of pure SEBS is described by Ohlsson® and Veenstra.®>#! Depending
on the grade of SEBS, the storage moduli can show a sharp drop with increase of temperature.
The change in the slope signifies the transition of a phase-separated melt to a single phase melt.
The melt shows a yield stress, which is attributed to the presence of physical crosslinks in the
polystyrene blocks. The shear rate dependence of the viscosity shows power law behavior above
a shear rate of 100 s™. Adding oil to SEBS reduces the viscosity significantly, e.g., by a factor of
three. This effect may be due to the combined effect of a decrease in the viscosity of the EB

matrix and an increased tendency of the PS domains to break up at high shearing forces.

The addition of PP to the SEBS/oil mixture leads to a further pronounced reduction in
viscosity. In contrast to TPVs, the Cox-Merz rule can be applied to these systems.®*! With some
compositions a viscosity like that of pure PP can be obtained and even lower. According to
Ohlsson et al.,'® the rheological behavior is controlled by a PP-rich liquid phase, which because
of the presence of oil has lower viscosity than the pure PP melt. This is technologically very

important for injection molding and extrusion.

The injection molding and extrudability of these blends were also studied by Ohlsson.®
Solid extrudates from a capillary rheometer were rich in PP and free from large domains of the
SEBS. Injection molded plates had a similar surface morphology although in this case, larger
domains of the elastomeric phase were found. This shows that the blend undergoes flow-induced
phase-segregation during mold filling. Weld lines in injection molding test pieces prepared from
blends with co-continuous morphologies had no noticeable effect on the stress-strain properties

or impact strength.
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2.3.6 Properties

Studies of Ohlsson® showed, that blends in which the SEBS and PP phase are co-
continuous, behave differently than blends in which one of the phases is discontinuous. For
example in a blend of 56.8 wt.-% PP, 22.7 wt.-% SEBS and 20.5 wt.-% oil, only 56 wt.-% of the
SEBS phase was found to be extractable by xylene, which shows that the SEBS phase was
dispersed. The stress-strain curve of this blend showed a typical yield point and necking.
Compositions in which the SEBS and PP phase were co-continuous showed rubber like

behavior. The storage moduli could be modeled using a Davies model.*"!

The crystallinity of PP in the blends was found to be independent of the blend structure.
The melting point of PP decreased with decreasing PP content. This decrease was thought to be
the result of two factors: a) interaction of PP with oil; b) miscibility of PP with SEBS and oil in the

molten state to form a homogeneous phase.’®*

2.3.7 Oil distribution

The oil distribution between the SEBS and PP phase was calculated by Ohlsson et al.'
by comparing the shifts in the glass transition temperature of the ternary blends with those of
binary PP-oil and SEBS-oil blends. The calculations showed that the distribution coefficient
between PP and SEBS had an average value of 0.35 in the rubbery state. The distribution
coefficient is slightly composition dependent, e.g. from 0.47 at 90 % PP to 0.33 at 10 % PP.

Sengers® used dielectric spectroscopy to determine the distribution of oil at ambient
temperatures. The calculations showed that the distribution coefficient is in the ordr of 0.57-0.63.
The distribution coefficient slightly increases with increasing PP content and similar to the

EPDM/PP/oil TPVs remains constant with changing oil content.

2.4. APPLICATIONS OF TPVS AND SEBS/PP/OIL BLENDS®?

TPEs based on TPVs and SEBS/PP/oil blends are increasingly used in many automotive
applications. The properties of these materials, although different, are well within the specification
requirements for many applications. A comparative summary of a few selected properties is

shown in Table 2.1. Some applications wherein these materials are used are given below:
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Airbag doors (or covers), rack and pinion boots, brake cable covers, steering column
covers, tie rod end seals, air management ducts, and windscreen washer reservoir seals,
to be used in automotives. Injection molding, extrusion and blow molding are all used to
make these applications. Styrenic TPEs were initially not considered for these
applications, because of the upper service temperature requirements. The plethora of

SEBS developments have changed the situation;

Vehicle interiors - the look, soft-feel and sound within automotive interiors can be tailored
by both sorts of TPEs. For some of these applications polyamide bondable grades are

necessary, which are available within both TPE families;

Automotive weather seals. An average car uses about 10 kg seals, which are still mainly
made from vulcanized EPDM. Use of TPVs can result in a 5-10% reduction in cost
compared to vulcanized rubber. The process is simpler, faster and a 25% lower specific
gravity reduces the weight of the part. SEBS compounds are also considered to be

potential alternatives for these applications;
Soft-touch applications like grips on power tools, knobs etc;

Hoses and tubes. The requirements are chemical resistance and low gas permeability.

Table 2.1 Properties of EPDM/PP/oil TPVs and compounds of styrenic block

conolvmers (SBCs)

Specific Shore Low High Compression Price
gravity  hardness temperature temperature setat 100 °C ratio
limit limit relative
(continuous) to SBS
EPDM/PP/oil 0.9-1.0 35A-50D -60°C 135°C good 2.5-3.0
TPVs
Compounds
of SBCs

0.9-1.1  3A-60D -70 °C 120° C fair 1-3.6
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2.5 SUMMARY OF THE LITERATURE SURVEY AND THE OBJECTIVE OF THE THESIS

An overview of the available literature on TPVs and SEBS/PP/oil blends shows, that these
blends are morphologically different. This difference is however not well defined. Apparently,
the rubber phase is dispersed in TPVs and continuous in SEBS/PP/oil blends. However, there
is no direct microscopic evidence of these morphologies, especially in blends containing an

excess of the rubber phase.

The role of oil in these blends is not fully clear yet. Most of the earlier studies on TPVs
were conducted on compositions without oil. So a lot of questions related to the function of oil,
its distribution between the rubber and PP phases, during processing and end-use conditions

are still to be answered.

The properties of TPVs and SEBS/PP/oil based compositions are close enough to be
considered for similar sorts of applications. The rheological properties also show similarities.
A TPV melt can be pictured as an assembly of vulcanized EPDM islands suspended in PP.
By analogy, the SEBS/PP/oil melt can be pictured as an assembly of SEBS islands
suspended in PP. The chemical crosslinks within the EPDM particles can be compared to
physical crosslinks in the SEBS domains that persists even in the melt. The resemblance in
melt structure, proximity of mechanical properties but differences in solid-state morphology
are all very puzzling. In most polymer blends, the properties are dependent on the
morphologies and so the question is: why is it different in this case? The information available
so far is not enough to answer these questions. For a proper answer a detailed study of the
morphology, rheology and properties of these two blends prepared under similar conditions is

necessary.

Based on these considerations the research described in this thesis will primarily focus on

the following subjects:

1. Look for more direct evidence, on visualizing the morphology of TPVs and SEBS/PP/oil
blends, for compositions containing abundant rubber and oil. A comparative study of
different two-dimensional imaging techniques will be conducted and the possibility to

extend from two-dimensional imaging to three-dimensional imaging will be explored.
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N

A comparative study of the structure-property relationships in TPVs and SEBS/PP/oil
blends prepared under identical conditions by two different production processes, viz.:

internal mixer and co-rotating twin-screw extruder;
Attempt to model the influence of oil distribution on the stress-strain properties.

Evolution of the blend morphologies in an internal mixer and a co-rotating twin-screw

extruder.

Influence of different material and process parameters.
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Chapter 3

Optimization of Techniques for Microstructural
Characterization of Oil Extended TPE blends

Microscopic methods such as light microscopy (LM), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) or atomic force microscopy (AFM) are often used to
visualize the morphology of polymer blends. These methods are based on observations of surfaces
or thin sections that show a cross section of the three dimensional structure. Hence, in a binary
blend of polymers, if one of the phases is in excess but still remains dispersed in the second phase,
the morphology becomes quite difficult to identify experimentally. If, in addition, the blend contains a
high volume percent of a diluent such as paraffinic oil, obtaining good microscopic images becomes
very challenging.

This chapter gives a relative comparison of different microscopic methods that can be
used to identify the morphology of highly oil extended thermoplastic elastomer (TPE) blends based
on a soft rubber phase and isotactic polypropylene (PP). TPE blends of two different rubbers with PP
were selected for this study: A dynamically vulcanized blend of EPDM-rubber, PP and oil, and a
blend of SEBS-rubber, PP and oil.

Low Voltage Scanning Electron Microscopy (LVSEM) and Transmission Electron
Microscopy (TEM) proved to be far superior over Scanning Electron Microscopy (SEM) and Atomic
Force Microscopy (AFM) in obtaining good quality images of the morphology of these blends. In
SEM experiments, samples with high oil content charged up badly and in AFM experiments the
scanning probe picked up oil from the samples, resulting in blurry images. LVSEM and TEM
investigations showed that the rubber phase is dispersed in TPV, but continuous with the PP phase
in SEBS/PP/oil blends. In an attempt to visualize the 3D-morphology, electron tomography was
carried out on these blends for the first time and models of the three dimensional morphology were
constructed. The potential of electron tomography as an important tool for constructing 3D-models of

polymer blends with a resolution higher than any other method currently available, is exhibited.

Part of this chapter has been orally presented by the author at the International Rubber Conference 2002,
Prague, 1-4 July, and also published in Elastomer, The Korean Institute of Rubber Industry, 38 (2003) 27.
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3.1 INTRODUCTION

Understanding the morphology of polymer blends is important in order to
determine relationships between the structure and properties of these materials.
Microscopic methods such as light microscopy (LM), scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and atomic force microscopy (AFM) can detect
details, ranging from the millimeter to the subnanometer scale, and are therefore popular
tools for visualizing blend morphology: see Table 3.1. In spite of several spectacular
developments in instrumental techniques, determination of polymer blend structure remains
a formidable challenge. This is, because most electron microscopic methods are based on
observations on surfaces or thin sections that show a cross section of the three
dimensional structure. Cross sections are at best two-dimensional projections of what is a
three dimensional structure, in essence discarding a third or all the spatial information that
the specimen may contain. Any specimen variation in the third dimension can be minimised
by careful sample preparation, sectioning a specimen in a specific orientation to reveal the
features under study and/or by preparing two specimens from mutually perpendicular axes.
These approaches work best for specimens with microstructures that are structurally
simple, such as a single-phase alloy, or whose structure can be predicted due to specific
orientational relationships, such as an epitaxially grown semiconductor device. For most
specimens however, two-dimensional projections lead to some uncertainty as to their true
3D structure. There are an increasing number of systems whose functions are closely
controlled by a complex 3D microstructure. In such cases two-dimensional projections can
be at best inadequate, at worst misleading. Because of these reasons, a single 2D —
microscopic method is not sufficient for unambiguous identification of the blend morphology
and in the absence of suitable 3D microstructure visualisation techniques combinations of

several two dimensional microscopy techniques are required.
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Table 3.1 Characterization techniques: size ranges "

Technique Resolution
Wide angle X-ray scattering (WAXS) 0.01nm-1.5nm
Small angle X-ray scattering (SAXS) 1.5 nm - 100 nm
Transmission electron microscopy (TEM) 0.2nm-0.2 mm

Scanning probe microscopy (STM, AFM) 0.2nm-0.2 mm

Scanning electron microscopy (SEM) 4 nm—4 mm
Optical microscopy (OM) 200 nm - 200 pum
Light scattering (LS) 200 nm — 200 pm
Electron tomography 3 nm -20 nm

In a blend of two polymers, if the major phase is dispersed in the minor phase, the
morphology becomes quite difficult to identify experimentally. Such situations are quite
common in soft rubber-thermoplastic blends where the rubber phase is in excess of the
plastic phase. If, in addition the blends contain a high volume percent of diluent such as
paraffinic oil, which is often added as a softener and processing aid, obtaining good
microscopic images becomes very difficult.

Soft rubber-plastic blends, especially those based on PP as the plastic, are quite
common thermoplastic elastomer materials.’” Compounds of these blends are very popular
materials for soft-touch applications such as grips on tools, sports goods, automotive and
medical applications, because the properties of the rubber and the PP phase can be easily
tailored into a single product. Understanding the structure-property relationship in these
materials is vital for making blends with tailored properties. Studies into these relationships
are however rather limited, because visualizing the blend morphology in these systems
turned out to be rather difficult.

The present chapter gives a relative comparison of different microscopic
methods that can be used to identify the morphology of high oil extended thermoplastic

elastomer (TPE) blends based on a soft rubber phase and isotactic polypropylene (PP).
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TPE blends of two different rubbers with PP were selected for this study. One of them was
a dynamically vulcanized blend of EPDM-rubber and PP, and the other a blend of SEBS-
rubber and PP. To address the problem of identifying the morphology in the case of high
loading of rubber along with high loading of oil, all the compositions selected for this study
have a rubber content larger than 80 wt.-% and oil contents higher than 100 wt.-% with
respect to PP.

The basic objective of this work was to optimize a characterization technique in
order to study the morphology in an attempt to make a correlation with the mechanical
properties of thermoplastic olefinic blends in the later chapters. The principles of the
different microscopy techniques are described briefly first. The experimental setup and
results are then discussed. In an attempt to visualise the 3D morphology, electron
tomography was carried out on these blends and models of the three dimensional
morphology were constructed. The potential of electron tomography as an important tool for
constructing 3D-images of polymer blends, with a resolution higher than any other method

currently available, is demonstrated.

3.2 PRINCIPLES OF ELECTRON MICROSCOPY AND ATOMIC FORCE MICROSCOPY
3.2.1 Electron microscopy

An electron microscope accelerates electrons to or through a specimen, allowing
resolutions as high as 0.2 nm and a magnification 1000 times higher than achievable with a
light microscope. In an electron microscope, electrons originating from the electron gun are
accelerated towards the anode, a positively charged region attracting the negatively
charged electrons: Figure 3.1. Depending upon the negative voltage of the anode,
electrons move faster, allowing the microscope to view even thick sections with clarity and
resolution. These electrons however, must be guided and focused by electromagnets and
condenser lenses through which the electrons pass. Two condenser lenses focus the size
of the electron stream as well as its direction. Without these lenses, the image would be
blurry, as the condensers focus the electrons towards the object, functioning with the same
principle, as do the lenses in light microscopes when they focus light onto an object. Once
the electrons have reached their target and penetrated, they are focused into several
lenses by an objective lens. Every time the electron stream passes through a lens, the

image is magnified.
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3.2.2 SEM and TEM™

There are two kinds of electron microscopes that function using different
principles. One is the scanning electron microscope (SEM) and the other is the
transmission electron microscope (TEM). In the TEM: Figure 3.1A, the electrons pass
through the specimen and arrive at a phosphor screen, whereupon visible light is created.
Electrons that pass through less dense parts of the specimen and parts where the atomic
number of the particles is low, are not scattered to a large extent, and so hit the screen in
greater numbers, creating more light. Electrons that pass through dense areas of the
specimen, and areas where the atomic number of the particles are high are left in lower
amounts, as many are scattered. Hence light areas of the image represent less dense
areas of the specimen, where particles are of a low atomic number; and dark areas of the
image represent dense areas of the specimen, where the particles have higher atomic
numbers. Underneath the phosphor screen is a camera that captures the images and
displays them on a TV monitor for viewing.

SEMs instead scan over a surface with the point of a convergent electron beam
and from the secondary electrons that are detected from the analysed positions an image

of the surface is reproduced: Figure 3.1B. SEM-observation of non-conductive samples is
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not possible without a metallic or carbon conductive layer on their surface. Such coatings
are not necessary if one uses low voltage scanning electron microscopy (LVSEM). These
microscopes operate at voltages below 5 kV and give increased spatial resolution and
lower charging as compared to conventional SEM.

SEMSs are therefore able to produce three-dimensional images of the surface of
an object, whereas TEM produces detailed two-dimensional images. Although TEM is
primarily a two-dimensional technique, the two-dimensional images can be converted into
three-dimensional models through electron tomography.

3.2.3 ElectronTomography®**!

Transmission electron microscopy projects a three-dimensional object along the
axis of the electron microscope lenses onto the plane of the recording medium. Hence an
image is a superposition of all structures within the three-dimensional object along the
electron beam trajectory. Obviously one needs to recover the spatial information in the
direction of the electron beam in order to retrieve the three-dimensional structure. This can
be done by imaging the sample from different angles in a way similar to computer axial
tomography.

The principle of tomography is based on the central section theorem!®, which
states that the Fourier transform of a parallel beam of two-dimensional projection images is
equal to the central section of the three-dimensional Fourier transform of the object. There
are four steps in the process of tomography. The first step is acquisition of a set of views of
the specimen from different directions. The views are obtained by tilting the specimen with
the help of a goniometer. If the images are recorded in a film the micrographs are digitized.
The second step is alignment of these two-dimensional images to a common origin with the
help of a fiducial alignment algorithm. 10-20 nm gold particles are put on the top of the
samples for this purpose. Computer programs track the fiducials and calculate the least
square fit on the fiducial markers. In the third step the aligned data set is then back
projected to create the tomogram. In this step, a Fourier transform of each two-dimensional
projection is calculated and using the central section theorem a set of planes with a
common axis in the Fourier space is obtained. The last step consists of analysis and
visualization of the tomogram that is the final product of tomography. Original TEM images
are often difficult to interpret, but when reconstructed along the “z” axis (third-dimension)

provide better understanding of the material. A schematic diagram of the instruments
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involved showing the steps involved in an electron tomographic experiment is depicted in
Figure 3.2
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Figure 3.2. Experimental setup for electron tomography.

The resolution of electron tomography is 2 to 10 times higher than of conventional TEM.
There are several factors that affect the resolution. The number of tilt angle projections will
increase the detail and completeness of the final result. The angle increments between tilt
angle projections also affect the precision of the surfaced volume. Lower angle increments
and a higher number of tilt angle projections will increase the 3D resolution. The thickness
of each individual section and alignment of these sections with regard to the tilt angles also
affect three-dimensional resolution. A rule-of-thumb for the achievable resolution equals
three times the thickness of the sample divided by the number of images.®

During the last decade, the application of electron tomography has gained pace.
With the advent of computer-controlled microscopes, large-scale digital cameras and high-
performance desktop computing power, it is possible to implement automated procedures
for the acquisition of tilt series containing hundreds of views. Simultaneously, several

computer program packages for alignment, reconstruction and manipulation of large
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volumetric data sets are presently available to the scientific community. Typically, carrying
out an electron tomography experiment with the first generation of automated systems

takes a day, and the actual data collection 2-4 hours.

3.2.4 AFM"

Contrary to electron microscopy the principle of atomic force microscopy is
slightly different. In atomic force microscopy a sharp probe attached to a compliant
cantilever scans a sample surface at a distance over which atomic forces act. The forces
between tip and sample cause the cantilever to deflect. A photo detector measures the
cantilever deflection and from this information a map of the sample topography can be
created. There are two basic AFM modes - contact mode and tapping mode.

In contact mode, the cantilever with tip is dragged across the surface, which may
cause damage to soft samples. In the tapping mode, a piezoelectric driver oscillates the
cantilever at or near its resonance frequency at a high amplitude. The tip lightly taps the
surface, touching the sample through the absorbed fluid layer during each oscillation. As
the oscillating cantilever scans the surface, the amplitude of the oscillation is changed. The
change in amplitude is used to measure the surface topography. As the changes in
amplitude are used to make a topographic map of the surface phase signal changes are
used to map regions of different composition. Phase shifts are registered as bright and dark
regions in phase imaging, comparable to the way changes in height are registered in height
imaging. The latter technique is successfully used for biological samples and for polymers,

since damaging frictional forces are avoided.

3.3 EXPERIMENTAL

3.3.1 Materials

The polymers used in the present study were ethylene-propylene-diene terpolymer rubber
(EPDM; DSM Elastomers B.V.; 63 wt.-% ethylene, 4.5 wt.-% 5-ethylidene-2-norbornene
(ENB) termonomer) and extended with 50 wt% (100 parts per hundred rubber) of paraffinic
oil; polypropylene (PP; Stamylan® P11E10 DSM Polypropylenes B.V.) and styrene-
(ethylene-butylene) based triblock copolymer (SEBS; Kraton® G 1651, Kraton™ Polymers).
The PP used was an extrusion grade with a melt flow index (at 230 °C, 2.16 kg) of 0.3 g/10
minute. SEBS had a styrene to ethylene-butylene ratio of 32/68 wt.-%. The oil used was a
non-aromatic mineral oil containing paraffinic and naphthenic hydrocarbons. For the EPDM

formulation a phenolic resin was used as curing agent along with stannous chloride
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dihydrate (SnCl,.2H,0O; Merck) as catalyst and zinc oxide (rubber grade; Merck) as acid
scavenger during dynamic vulcanization. Additionally, stabilizers Irganox 1076: a primary
hindered phenolic type antioxidant (Ciba Geigy) and Irgafos 168: a secondary phosphite

type antioxidant, (Ciba Geigy) were used.

3.3.2 Sample preparation and application of various microscopic techniques

Ternary blends with a composition of EPDM- or SEBS-rubber/PP/oil were
prepared using a Brabender Plasticorder type 350S with a mixer chamber volume of 390 ml
and fitted with Banbury type rotors. Mixing was carried out at 180°C at a rotor speed of 80
RPM. The mixing time was 12 minutes for TPVs and 20 minutes for the SEBS/PP/oil
blends.
After mixing the materials were compression molded at 200°C for 3 minutes under a
pressure of 10 MPa and then cooled under pressure to about 30°C. The molded sheet
thickness was about 2 mm.

After compression molding small samples were taken for electron microscopic
examination. Sample preparations for the different microscopic techniques used in this

work are described below.

3.3.2.1 SEM.-

Samples for SEM were microtomed at —130°C using a diamond knife mounted
on a Leica Ultramicrotome The samples were then fixed using double sided tape onto a
specimen stub. In order to increase the electron density contrast between the rubber and
PP phase, the samples were vapor stained for 30 minutes using a 1 wt.-% solution of
ruthenium tetraoxide. Conductive paints such as carbon suspensions were dabbed onto the
tape and base of the specimen to provide contact with the specimen stub. The samples
were then coated with a thin gold layer. The coating was necessary in order to provide an
electrically conducting layer, to suppress surface charging, to minimize radiation damage,
and to increase electron emission during SEM. The SEM experiments were performed on a

Hitachi S800 scanning electron microscope operating at a voltage of 6 kV.



Characterization Techniques 43

3.3.2.2 LVSEM.-

The LVSEM experiments were performed using a Leo 1550 scanning electron
microscope at an operating voltage of 1kV and lower. The LVSEM was equipped with a in-
lens secondary electron detector (SE) and a back scattered electron detector (BSE). The
SE detector give images based on topography while the BSE detector gives images based
on phase contrast using higher voltages. Samples to be studied with the SE detector were
prepared by two different techniques. First, the samples were cryomicrotomed using similar
conditions as for conventional SEM. Second, the samples were fractured under liquid
nitrogen conditions. Both samples were stained with ruthenium tetraoxide vapors for 30
minutes. For obtaining good BSE images the sample must have a flat surface to suppress
contributions from the topographic image. So, samples for studying with BSE detector were

cryomicrotomed.

3.3.2.3 TEM.-

Samples for TEM characterization were prepared by cryomicrotoming to 50 nm
thin sections at —130°C. The sections were vapor stained using ruthenium tetraoxide for 30
minutes. TEM measurements were performed on a Philips CM 30 transmission electron

microscope.

3.3.2.4 3D —Tomography.-

Samples for tomography were prepared by cryomicrotoming to 50 nm thin
sections at —130°C. The sections were vapor stained with ruthenium tetraoxide for 30
minutes. Tomography measurements were performed on a Technai 20 Field Emission Gun
Scanning Tunelling electron microscope. The images were collected digitally with a slow
speed charged coupled device (CCD) camera. A series of two-dimensional TEM images
was obtained by tilting the specimen over various tilt angles. The data was corrected for
lateral shift and change of defocus, after taking an image. This cycle was repeated,
typically, over +/- 65 degrees, with 2 degree tilt increments. After the acquisition of a
prealligned data set, the data series was aligned more accurately with the help of fiducial
markers. Gold beads were previously sprinkled on the TEM grids to aid as markers. After
the alignment of the data series the 3-dimensional construction was computed using the
IMOD image processing and modeling software. The outer surface of the rubber phase was

used to build up a contour 3-dimensional model of the rubber phase in each blend.
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3.3.2.5 AFM.-

Samples for AFM were smoothed at —130°C by using a cryomicrotome. The cut
surfaces were analysed using a NanoScope Ill multimode atomic force microscope (Digital
Instruments, Santa Barbara, CA, USA) in the tapping mode with phase imaging under
ambient conditions. The instrument was equipped with an E-scanner. A Standard Si

Nanosensor probe was used to conduct the measurements.

3.4 RESULTS AND DISCUSSION
3.4.1 SEM
Conventional SEM images of a TPV and SEBS/PP/oil blend are shown in

(B)

Figure 3.3 SEM image of 28/33/39 wt.-% rubber/PP/oil blend showing poor image contrast
between the rubber and PP phase; (A), TPV; (B), SEBS/PP/oil.

Figures 3.3(A) and 3.3(B), respectively. The rubber/PP/oil compositions in these images
are 28/33/39 wt.-%. The oil is distributed on a molecular level between the rubber and
amorphous part of PP and therefore is not visible in these images. The images show poor
contrast between the rubber- and PP-phases. The image is blurred and the different
features are hardly visible. The image quality even detoriates with increasing amount of oil.
This problem is caused by sample charging and some beam damage. Charging effects
such as bright spots in the image arise due to build-up of an electric charge on the
specimen surface. Besides, oil being a liquid and electrical non-conductor, is very unstable
under an electron beam. This means, that with a high accelerating voltage, electrons
cannot reach earth. Thus a charge cloud builds up around the sample surface causing a

whitening effect. These problems are common in SEM analysis of biological, hydrated or
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organic samples and have been well documented in literatures.®”! Charging can be
avoided by working at low acceleration voltages (LVSEM), also known as crossover
voltages, where the number of electrons leaving the sample surface is just enough to

compensate for the incoming ones.

3.4.2 LVSEM
Low Voltage SEM images of a TPV and SEBS/PP/oil blend are shown in Figures
3.4(A) and 3.4(B), respectively. The rubber/PP/oil composition in this image is 28/33/39

wt.-%, the same as in Figure 3.3. The samples were microtomed and stained using

(A) (B)

EHT= 1567kV Signal A=SE2  Date :28 Jan 2002 EHT = 1.10kV Signal A=SE2  Date :28 Jan 2002

1um fpum
Mag = 10.00KX |——| WD= 5mm PhotoNo.=753  Time :15:39:05 Mag= 500KX |—| WD= 4mm Photo No. =740 Time :14:45:07

Figure 3.4 LVSEM image of 28/33/39 wt.-% rubber/PP/oil blend showing poor image contrast
between the rubber and PP phase; (A), TPV; (B), SEBS/PP/oil.

ruthenium tetra oxide vapors, as described in the experimental paragraph. The micrograph
shown in Figure 3.4(A) provides a perfect view of the EPDM-phase distributed in the PP-
matrix. The EPDM-domains appear to be elongated and touching each other. The rubber
and polypropylene phases in the blend were identified after comparison with the SEM-
micrographs of the individual components. The charging problem previously seen with
conventional SEM is not experienced with this technique. This is because the images were
taken at around 1 kV; quite low as compared to the voltages used in conventional SEM.

In addition to differences in morphology, Figure 3.4 also shows the influences of
microtoming on the morphology. Microtome sectioning of the sample has resulted in a very
flat surface in the region of the PP-matrix, while a pronounced relief is observed in the

regions of dispersed rubber inclusions. Although the EPDM-domains show a topological
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contrast different from the PP-matrix and the rubber is preferentially stained with RuQ,,
there is little difference in the grey scales. The small difference in the grey scale levels is
most probably due to the similar electron densities of the two phases resulting from poor
bulk staining of the sample. If the bulk is relatively poorly stained as compared to the
surface, the number of electrons coming out of the rubber- and PP-phases is grossly
comparable. The topological contrast is due to a different surface topography of the
rubber-phase from the PP-phase at the temperature of observation. The contrast originates
from a different coefficients of thermal expansion of the rubber- and PP-phases, as the
material is warmed up from —130 °C to room temperature after microtome sectioning.® This
implies that the difference in thermal expansion coefficient can be used to advantage by
fracturing the samples instead of microtoming to increase the contrast in the images.
LVSEM-images of fractured TPV and SEBS/PP/oil blends are shown in Figures

(B)

EHT = 147 kV Si Lens Date :4 Mar 2002 EHT = 1.01kV Signal A= InLens  Date :26 Apr 2002
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Figure 3.5 LVSEM images of cryogenically fractured sample. The rubber/PP/oil composition is
31/25/44 wt.- %. (A), TPV; (B), SEBS/PP/oil.

3.5(A) and 3.5(B) respectively. The rubber/PP/oil is 31/25/44 wt.-%. In Figure 3.5(A), the
contrast between the EPDM- and PP-phase is significantly higher, than was previously
observed. Even the boundaries between EPDM-particles are clearly visible. Although the
rubber particles overlap each other, they clearly appear to be dispersed in PP-phase.
LVSEM reveals many interesting features of the TPV-morphology. The particle
size and shape of the EPDM-phase is not uniform. In Chapter 4 it will be shown that the
particle size distribution of EPDM depends on total shear applied to the melt during

blending. According to Jayaraman et al. the particle shape is related to the melt flow index
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(MFI) of the PP. In blends with low MFI of PP, the EPDM particles appear elliptical and
when the MFI increases the particles appear to be more spherical.

The SEBS/PP/oil blend, Figure 3.5(B), shows a different type of morphology. The
SEBS- and PP-phases appear to be co-continuous: it is impossible to distinguish the
SEBS-phase from the PP-phase. Comparatively more contrast is obtained from LVSEM of
extracted blends as shown in Figure 3.5(C). The SEBS- and the oil-phases are soluble in
toluene at room temperature, leaving the PP-matrix. The amount of SEBS-phase soluble in
toluene can further be used to measure the degree of continuity. If all of the SEBS-phase
can be extracted, the SEBS-phase must have been continuous. If the PP then remains in
one piece and has the same shape as the original sample, the PP- phase must also have

been continuous.
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Figure 3.5(C) LVSEM of an extracted SEBS/PP/oil blend,
showing the holes left over after the SEBS/oil phase has
been extracted. The rubber/PP/oil composition is 31/25/44
wt.- %.

In Figure 3.5(C), the holes correspond to the removed SEBS-oil phase. The
remaining phase is PP. A lot of holes appear to be interconnected along the third
dimension, suggesting continuity of the SEBS phase. Other holes, however, appear to be
dispersed. This suggests, that the SEBS-phase is not fully co-continuous. There is a limited
degree of connectivity between the SEBS domains, which can be used for quantitative
description of the morphology of these blends.

There are several reasons behind the enhanced contrast with LVSEM as
compared to conventional SEM. The penetration depth of low secondary energy electrons
(< 1 kV) is less than 50 nm in most materials. The image information consequently comes

more from regions close to the surface, which are higher stained, than the bulk. Besides,



48 Chapter 3

modern day LVSEMs have improved field-emission cathodes, which provide narrower
probe beam diameters at low, as well as high electron energies as compared to
conventional SEM. In addition, the new in-lens detector in LVSEM makes it possible to
work at small working distances and, as a consequence with a high resolution at low
electrons current. This results in improved spatial resolution and minimimal sample

charging and damage.
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Figure 3.6 Comparative LVSEM images of a TPV obtained using (A), a
secondary electron detector; (B), a back scattered electron detector. The
rubber/PP/oil composition is 31/25/44 wt.-%.

A comparative study of the secondary electron contrast and back-scattered
contrast is given in Figures 3.6(A) and 3.6(B), respectively. The sample is an
EPDM/PP/oil TPV of composition 31/25/44 wt.-%. The resolution of the back-scattered
image is lower than the secondary-electron (SE) image. Back-scattered (BS) electrons
are emitted from the primary beam and react elastically with the sample's atoms.
Chemical elements that have high atomic number (high positive load of the atomic core)
produce more back scattered electrons than the elements with a low atomic number.

Areas of the sample with a high atomic number (here stained EPDM-domains) thus
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appear whiter than areas with a low atomic number. They tend to give more phase
information when compared to secondary electrons. They have higher energy than the
secondary electrons and they originate from the bulk of the sample. However the
resolution obtained by back-scattered electron is quite low.

Secondary electrons are emitted when the primary beam, upon losing a part of
its own energy, excites atoms in the sample. They are relatively easy to detect in large
numbers with the help of the in-lens detector. They give images with a good signal-to-
noise ratio. The image obtained, however, shows the topography of the sample with very
little phase contrast. For blends of TPVs, SE imaging was found to be more useful than
back scattered imaging, because of the high contrast between the phases was

necessary to study the particle size distribution.

3.43TEM

TEM-images of TPV and SEBS/PP/oil blends are shown in Figure 3.7(A) and
3.7(B). The dark phase represents the rubber phase and the white phase is PP. This
technique proves to be the best for visualizing the morphology of these blends.

The image on the left shows EPDM domains dispersed in the PP-matrix. The
same seems to happen for the SEBS phase in the image shown on the right. A higher
magnification image of the SEBS phase shows distinct polystyrene domains (see Figure
1.3) more or less clustered together, and phase separated from the ethylene-butylene
matrix. The PP phase is more evenly distributed within the SEBS phase as compared to
the EPDM phase in the left image, which hints in the direction of co-continuous
morphology. The contrast between the rubber and the PP-phase is very high as
compared to the one seen with LVSEM. The thickness of ultrathin sections (~ 50 nm)
and staining time (~ 30 minutes) and the concentration of the staining agent (1% solution

of RuQ,) was crucial to obtaining good images with this technique.
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(A) (B)

Figure 3.7 TEM images of (A), TPV;(B), SEBS/PP/oil blend. The Rubber/PP/oil composition is
28/33/39 wt.- %.

The reason why TEM-images could reveal the finest morphological details as compared
to LVSEM can be explained by the fact, that the TEM image involves detecting all
electrons transmitted through a sample, whilst SEM involves detection of secondary
electrons emitted from the surface of the sample. The voltage used in our TEM is
between 200 and 300 kV while with low voltage SEM it is around 1 kV or less. The
amount of secondary electrons produced in LVSEM is too low to be useful in creating
high-resolution images. Detecting transmitted electrons in TEM demands a very thin
section: ~ 50 nm and they are mounted on carbon coated copper grids. This also
reduces sample charging at high acceleration voltages, because the charge build up can

easily be grounded.

3.4.4 Tomography

Most microscopic methods like scanning electron microscopy and transmission
electron microscopy are at best two-dimensional projections of a three-dimensional
structure, and thus they discard some vital spatial information, which the specimen may
contain in the third dimension. Any specimen variation in the third dimension can be
minimized by careful sample preparation, sectioning a specimen in a specific orientation
to reveal the features under study and/or by preparing two specimens from mutually
perpendicular axes. These approaches work best for specimens with microstructures

that are structurally simple, such as polymer blends with a small amount of the dispersed
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phase, or whose structure can be predicted due to specific orientational relationships.
For most specimens however, two-dimensional projections lead to some uncertainty as
to their true 3D structure. This is illustrated in Figure 3.8. The TEM image of a 41/18/41
wt.-% EPDM/PP/oil TPV, shown in Fig. 3.8(A), gives an impression of a continuous
EPDM phase. This is obviously an artefact of TEM, because a continuous crosslinked
EPDM phase will not lead to thermoplastic processability. The reason for this artefact is

exhibited in the schematic diagram showing image formation in TEM: Fig. 3.7(B).

(A) (B)

EPDM

PP

500 nm

Figure 3.8 (A), Representative TEM image of 41/18/41 wt.-%. of EPDM/PP/oil -TPV. The EPDM
phase appears to be co-continuous with PP; (B), Schematic representation of image formation in TEM.

In TEM, one merely projects a shadow of all features lying along the direction of
the common axis on a two-dimensional screen. So in case of polymer blends, if the major
phase is dispersed in the minor one, two-dimensional projection of nearby particles will
overlap, giving the impression of a continuous structure.

To investigate the potential of electron tomography in differentiating between
EPDM domains at high weight percentage of the dispersed phase, a TPV blend with
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composition 28/33/39 wt.-% EPDM/PP/oil was imaged. In the series of 2D-TEM images the
EPDM phase appears as the dark phase. The other phase is PP and oil.

Representative two dimensional TEM images of the TPV blend obtained at different tilt
angles of the specimen are shown in Figure 3.9(A)—(C). In Fig. 3.9A, the EPDM domains

appear to touch each other (as marked by the black circle) giving an

(A) (B) (€)

Figure 3.9 Representative 2D-TEM images of an oil extended 41/18/41 wt.-% EPDM/PP/oil —
TPV. (A), At + 45° tilt angle; (B), No tilting; (C), — 45° tilt angle; (D), 3D-model of the blend
showing EPDM particles.

impression of a continuous phase.
Tilting the sample gives a different direction of view: Figures 3.9(B) and 3.9(C),
which show that the particles are separated. The 3D tomographic model obtained by

backprojecting these 2D-TEM images is shown in Figure 3.9(D). This model gives a
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perfect view of the 3D structure of the EPDM domains and clearly shows that the EPDM
domains in the TPV are dispersed, although they may touch each other if interparticle
distances are small. Only few domains from the original 2D image are shown in the
reconstructed 3D model for shortness sake. The domains are elongated having a major
axis length in the range of 1-4 microns. The thickness of each domain depends on the
number of TEM images taken for reconstruction.

The application of electron tomography in constructing 3D-images is not
restricted to polymer blends with dispersed phase morphology. Figure 3.10 shows the
contour of a styrene-(ethylene-butylene)-styrene block copolymer (SEBS) in a blend with
isotactic polypropylene and oil, constructed using electron tomography. A TEM image of
a 28/33/39 wt.-% SEBS/PP/oil blend with composition is shown in Fig 3.10(A). In the
image the SEBS - domains appear black and the PP-phase appears white. It is quite
difficult to judge whether the SEBS - domains are dispersed or continuous with the PP
phase. The three-dimensional model of this blend obtained using electron tomography is

shown in Figure 3.10(B). The model shows a SEBS-contour that resembles a

(B)

Figure 3.10 (A), TEM of SEBS/PP/oil blends; (B), 3D reconstruction model of the
continuous SEBS phase in an 28/33/39 wt.-% SEBS/PP/oil blend.

complicated double gyroid structure. This is a stronger evidence of the co-continuity of
the SEBS-phase, as compared to any other microscopic technique. Untill today no other
microscopic technique is available, which can characterize the 3D-structure of these
blends at such high resolution.

The tomographic models shown above offer the possibility to perform three-

dimensional imaging of polymer blend morphology. The computing power necessary for



54 Chapter 3

handling electron tomographic reconstruction is very large. A tilt-series of 60 floating
points 512 x 512 pixel projections is 62 megabytes in size and the 3D reconstruction
from such a data set will require some 512 megabytes. Operations such as
reconstruction on such data sets require significant computing resources. With
enormous improvement in present days computing power, these requirements are easy
to meet.

Despite the great advantages of tomography over TEM, it was not further used in
our study. This is because of the following two reasons:

(a) Restricted availability of the equipment;

(b) The information obtained from TEM, LVSEM and solvent extraction was

sufficient to describe the morphology.

3.4.5 AFM

AFM images of TPV and SEBS/PP/oil blends are shown in Figure 3.11(A) and
3.11(B). The rubber/PP/oil percentages are 28/33/39 wt.-%. In these images the darker
grey areas correspond to the rubber phase and the white areas correspond to the PP.
Both images show artefacts due to contamination of the AFM-tip by oil. Such artefacts in
the AFM-image were observed before in oil-extended blends of s-SBR/BR filled with
silica.l' The oil that is present in the compound is squeezed out of the polymer and
ends up at the surface, where it is spread out by the AFM-tip. These problems are
particularly pronounced at oil contents of more than100 phr.
The image on the left for TPV shows elongated rubber particles, some of which are
completely surrounded by PP-matrix, giving the impression that the EPDM-phase is
indeed dispersed. The image on the right for the SEBS/PP/oil-blend, shows two phases,
but it is impossible to determine whether the phases are co-continuous. Because of

these limitations, AFM was not further pursued for morphological studies of our blends.



Characterization Techniques 55

Data type Phase Data type Phase
Z range 90.0 de Z range 100.0 de

Figure 3.11 AFM image of TPE blends. (A), TPV; (B), SEBS/PP/oil. The rubber/PP/oil
composition is 28/33/39 wt.- %.

3.5 CONCLUSIONS

Analysis of the morphology of TPV and SEBS/PP/oil blends using a variety of
techniques leads us to the conclusion that TEM is the best method for studying the
morphology of these blends. The blend features are clearly resolved and very fine
details of the sample can easily be visualised. The information obtained in these images
can sometimes be misleading. Information from TEM must be supplemented with
images obtained from LVSEM. LVSEM of fractured and stained samples gives valuable
additional topological information.

Identifying a co-continuous morphology is more difficult than a dispersed phase
morphology. For blends with co-continuous morphologies more information is obtained if
one of the phases is removed by solvent extraction prior to LVSEM visualization. The
degree of co-continuity of the phases can be calculated from solvent extraction data and

correlated to microscopic images.
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Conventional SEM is not suitable for analysis of soft TPE-blends due to sample
charging effects. The reason is most probably the presence of a diluent such as
paraffinic oil, which in large amounts builds up a static electric charge on the sample.

AFM is not so useful in investigating the morphology of highly oil extended
samples, as in the present case, because the tip picks up the oil during scanning giving
poor images.

Tomography gives new three-dimensional information on objects that cannot be
obtained with traditional TEM. The latter gives wrong information due to the fact that the
principle of image formation is based on projections. The resolution of tomography is 2
to 10 times higher than TEM. Presently it is mostly restricted to biological samples.
However it has the potential to become a very valuable tool in three-dimensional

structure determination of polymer blends.
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Chapter 4

A Comparative Study of the Structure-Property
relationship in Dynamically Vulcanized EPDM/PP/oil-
Blends and SEBS/PP/oil-Blends

This chapter presents a comparative study of the morphology and structure related properties
of thermoplastic elastomer blends based on dynamically vulcanized ethylene-propylene-diene rubber
(EPDM) / isotactic polypropylene (PP)/ oil, and of thermoplastic olefinic blends of styrene-(ethylene-
butylene)-styrene rubber (SEBS) / PP/ oil prepared under identical conditions. Different compositions
of each blend type were made in an internal mixer and co-rotating twin-screw extruder. Morphological
characterization using different microscopic techniques showed droplet-matrix morphology for the TPV
blends and in combination with solvent extraction, co-continuous morphology for the SEBS/PP/oil
blends. The particle size distribution of the EPDM phases in the TPVs, prepared in the internal mixer,
was narrower than for the twin-screw extruder. No difference in the morphology was observed for the
SEBS/PP/oil blends prepared in the internal mixer and twin-screw extruder. The elongation at break
values were found to be significantly higher for the SEBS/PP/oil blends as compared to the TPV
blends. The gel content of the TPVs was found to be the main factor determining the stress-strain
properties, as influenced by the preparation method. Also the crystallinity of the PP-phase for both
TPV and SEBS/PP/oil blends was investigated and, although being dependent on the preparation
method for the SEBS/PP/oil blends, did not reflect in the stress-strain properties.

‘A part of this chapter has been published in Journal of Elastomer and Plastics, 36 (2004) 307, and
pres“e;]]ted at the 163" Spring Meeting of the American Chemical Society, Rubber Division, San Francisco,
CA.
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4.1 INTRODUCTION

Thermoplastic vulcanizates based on blends of ethylene-propylene-diene rubber (EPDM)
and semicrystalline isotactic polypropylene (PP), commonly referred to as EPDM/PP TPVs, have
a resemblance in properties and applications with thermoplastic elastomeric blends of Styrene-
(ethylene-butylene)-styrene triblock copolymer rubber (SEBS) and PP. Both are available in a
hardness range of 50 Shore A — 50 Shore D and their properties are close enough to make them
both suitable for many automotive, medical and soft-touch applications.®* For decreasing the
hardness and improving the processability, commercial blends of these systems are often
compounded with paraffinic processing oil. Although the highly oil-extended TPV blends were
commercialized somewhere in the 70’s already,[5] and the SEBS/PP/oil blends were
commercialized in the early 90’s, the scientific understanding of their resemblance in properties
and how this is controlled by morphology and rheology, is incomplete. Previous studies on
EPDM/PP TPVs were directed towards understanding the morphology development during
processing,®® influence of different curing agents®'"! and understanding their deformation
behavior.'? Except for the works of Ohlsson et al!" and Veenstra et al!"® comparative
information on the SEBS/PP/oil systems is very limited. These studies have shown that the
morphologies of these blends are primarily different. The TPVs are made up of EPDM-particles
dispersed in a PP-matrix, while in the SEBS/PP/oil blends the two phases are co-continuous.
Being morphologically different, the blends are expected to show quite different properties — a
contradiction to what is observed in reality. So the question which needs to be addressed is: are

the properties of these blends really independent of their respective blend morphologies?

This chapter presents a comparative study of the mechanical properties of thermoplastic
elastomer blends based on dynamically vulcanized EPDM/PP/oil and SEBS/PP/oil prepared
under identical conditions, in relation to their morphologies and structure related properties.
Compositions of each blend type with different EPDM/PP/oil and SEBS/PP/oil ratios were made
in an internal mixer. To study the effect of mixing equipment on the properties of these blends,
some of the compositions were also made in a co-rotating twin-screw extruder. Both similarities
and differences were observed in the stress-strain properties of the blends for both systems. In
order to explain the differences, the blend morphologies were studied using transmission electron
microscopy (TEM) and, wherever necessary, supplemented with Low voltage scanning electron
microscopy (LVSEM) and atomic force microscopy (AFM). To further investigate the differences

in the stress-strain properties, the gel content of TPVs was analyzed, the compression sets of the



Comparative study of the structure-property relationship in EPDM/PP/oil-TPVs and SEBS/PP/oil blends 59

blends were studied and the crystallization behavior of the PP - phase in both systems was

investigated.

4.2 EXPERIMENTAL
4.2.1 Materials and blend recipes

The materials used in the present study were the same as mentioned in Chapter 3. Nine
different compositions of each blend system, differing in the amount of PP and oil, were prepared
in a Brabender internal mixer. As shown in Figure 4.1, the nine blends are all the combinations
that can be made with three different PP/rubber weight ratios and oil/rubber weight ratios. The
central compositions of these formulations, marked by circles, were also made in a co-rotating
twin-screw extruder. The complete formulations in terms of weight percentage of components are
shown in Table 4.1. The compounding recipes used for the preparation of TPV and SEBS/PP/oll
blends are shown in Tables 4.2 and 4.3, respectively. For ease of discussion the blends are

coded as follows:

oil/ Rubber
ratio

0.4 0.8 1.2

PP/Rubber ratio

Figure 4.1 Experimental design.

Table 4.1 Weight composition of the blends.
Blend % Rubber % PP % QOil

1 41 18 41
2 35 30 35
3 31 38 31
4 35 14 51
5 32 25 43
6 28 33 39
7 31 13 56
8 27 22 51
9 25 30 45
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First letter: “B” stands for blends made in the Brabender internal mixer and “T” for blends made in

the twin-screw extruder.
Second letter: “E” stands for EPDM-based TPV blends and “S” for SEBS/PP/oil blends.

Last digit: corresponds to the composition as shown in Table 4.1.

Table 4.2 Compounding recipe of a TPV.

Components Composition
(Parts per hundred rubber, phr)

EPDM, Keltan P597° 200
PP, Stamylan P11E10 varied
Extra Oil, Sunpar 150 varied
Phenolic resin, SP 1045 5
Stannous chloride dihydrate 1
Zinc oxide 25
Irganox 1076 0.5
Irgafos 168 0.5

* Contains 50 wt.-% paraffinic oil.

Table 4.3 Compounding recipe for SEBS/PP/oil blends.

Components Composition
(Phr)

SEBS, Kraton G 1651 100

PP, Stamylan P11E10 varied

Oil, Sunpar 150 varied

Irganox 1076 0.5

Irgafos 168 0.5
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4.2.2 Mixing
4.2.2.1 Brabender mixing.-

The blends were prepared using a Brabender Plasticorder type 350S, with a mixer
chamber volume of 390 ml and fitted with Banbury-type rotors. A fill factor of 0.7 was used. To
improve the dispersion of the large quantities of oil during mixing in the Brabender, the oil was
first preblended with the rubber. Since the EPDM grade used already contained 100 phr of oil,
the extra oil was added on a two-roll mill; in the case of SEBS, the oil was spontaneously soaked

into the porous SEBS material without mechanical treatment.

To make the TPVs, the Brabender temperature was set at 180°C and the rotor speed at
80 rpm. The PP and stabilizers were first added in order to melt and blend these, which took
about 1 minute. After this period, the EPDM/oil and zinc oxide was added. Four minutes later,
the phenolic resin and stannous chloride were added. Mixing was continued for another 5

minutes. The total mixing time was 10 minutes.

For making the SEBS/PP/oil blends, the temperature and rotor speed settings were the
same as for the TPVs. The PP and stabilizers were first added to the mixer and mixing was
continued till they melted after about 1 minutes. The preblend of SEBS/oil was then added. Since

SEBS is fluffy material and difficult to mix, the total mixing time was increased to 30 minutes.

4.2.2.2 Twin-screw extruder mixing.-

The TPVs were prepared with a Werner and Pfleiderer ZSK-40 co-rotating twin-screw
extruder, operated at 350 rpm. The temperature profiles were set so that the temperature in the
melt ranged from 180 to 210°C. The average residence time was about 1 minute. '® The
SEBS/PP/oil blends were made in a ZSK-25 operated at 250 rpm. The SEBS was first dry
blended with the oil at room temperature. The other ingredients (PP and stabilizers) were dry
mixed with the oil extended SEBS to obtain all ingredients in a dry mixed state. This mixture was
then fed into the extruder at a constant rate of 5-10 kg/h. The extruded strands were cooled in a
water bath and pelletized.''"® Temperature profiles were similar to those used in the ZSK-40 for

the preparation of the TPVs.

4.2.3 Morphological characterization
After the blends had been compression molded, small samples were taken for electron

microscopic examination. Two different microscopic methods — TEM and LVSEM were used to
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study the morphology of both blend systems. For some SEBS/PP/oil samples AFM was also
used. For TEM, the samples were microtomed at —130°C using a diamond knife. TEM studies
were performed using a Philips CM30 transmission electron microscope. In all cases the samples
were vapor stained with ruthenium tetraoxide. The staining time for TEM samples was 10
minutes. For LVSEM the samples were fractured in liquid nitrogen. The studies were performed
using a Leo 1500 scanning electron microscope. The staining time was 30 minutes. The particle
size distribution in the TEM images was analyzed using NIH imaging software.'”’ AFM
experiments were performed in tapping mode using a Nanoscope Ill scanning probe microscope

(Digital instruments).

4.2.4 Mechanical properties

After mixing the materials were compression molded using a WLP 1600/5*4/3 Wickert
laboratory press at 200°C for 3 minutes under a pressure of 10 MPa and then cooled under
pressure to about 30°C. Sheet thickness was 2 mm. The sheets were punched into dumbells
(ISO-37, type 2) for tensile measurements.
Tensile properties were determined at room temperature according to ISO-37 using a Zwick Z020
universal testing machine equipped with a 500 N load cell. A crosshead speed of 50 mm/minute
was used to measure the E-modulus and 500 mm/minute to measure the tensile strength and
elongation at break. The reported results of each blend are the average of at least four
measurements. The standard deviations in the whole procedure, from the mixing till the tensile
properties, were generally less than 10%. The hardnesses of the compounds were measured
with a Zwick hardness meter (Shore A type, ISO R868).

The compression set after 72 hrs/23°C and 24 hrs/100°C was measured according to ISO
815 standard.

4.2.5 Solvent extraction on SEBS/PP/oil blends

In order to estimate the degree of co-continuity of the SEBS-phase in the SEBS/PP/oil
blends, about 1.5 grams of SEBS/PP/oil samples were immersed in toluene at room temperature
for 24 hours. The change in sample weight after extraction was compared to the amount of
extractable phase originally present in the sample. This fraction is the degree of co-continuity of
the SEBS phase.
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4.2.6 Degree of crystallinity of the PP-phase by thermal analysis

The thermal behavior of the blends was studied by means of a Perkin EImer DSC 7
differential scanning calorimeter (DSC). The samples, about 5-10 mg were heated at a rate of
10°C/minute from 25°C up to 200°C, maintained at this temperature for another 5 minutes and
then cooled down to —100°C at the same rate. At —100°C they were kept for another 5 minutes
and then reheated to 25°C at a rate of 5°C/minute. The melting, crystallization temperatures and
enthalpy of fusion of PP were obtained from the cooling curve. The standard deviations in the

experiments were less than 5%.

4.2.7 Gel measurements on TPVs

In order to estimate the degree of crosslinking of the EPDM phase in the TPVs, the
samples were subjected to a series of solvent extractions. About 1.5 g of TPV samples were
extracted for 24 hrs through stainless steel pouch in boiled acetone to remove the oil and
stabilizers, followed by extraction for 48 hrs with boiling xylene to remove the PP and the soluble
rubber. The amount of gel content was calculated from the weight of the residue after xylene

extraction.!"®!

4.3 RESULTS
4.3.1 Stress-strain properties of TPVs and SEBS/PP/oil blends, related to compound

composition

The study aims at understanding the mechanical properties of both systems, in terms of
their morphological similarities or differences. For that reason, we will first describe the
mechanical properties, as related to the compound recipes and the production methods of the
blends. Secondly, the morphological and analytical characteristics of these designated blend

systems will be highlighted.

The stress-strain properties of the TPV and SEBS/PP/oil blends are significantly different
for identical compositions and mixing conditions. Representative stress-strain plot for blends BE5
and BSS5 are shown in Figure 4.2. Both curves show a rather high modulus behavior at low
elongations, to result from a continuous network of the polypropylene matrix. The SEBS/PP/oll
blends show a more pronounced strain hardening effect and eventually break at higher

engineering stress and strain values, as compared to the TPVs.
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Figure 4.2 Stress-strain plot of BE5 and BS5, as made in the internal

mixer.

The conventional approach of evaluating the data of a design of experiment is, to use a
multiple regression analysis (MLR). These models are commonly used for optimization problems,
where one needs to find out the best combination of factors in order to maximize or minimize a
response (e.g. tensile strength). In these models the effect of factors on the properties - so called
responses in DOE terminology - are often weighed using centered and scaled coefficients. These
mathematical transformations are useful in evaluating the effects of individual factors and their
interactions on the responses. However, the physical interpretation of the centered and scaled
coefficients and the correlation of these coefficients to material parameters are poorly
understood. Since, in this work we are mainly interested in structure-property relationships and
not in the optimization of factors, the results were not evaluated using the design of experiment

approach.

The E-modulus values of both systems for different amounts of PP and oil are shown in
Figures 4.3(A) and 4.3(B), respectively. The lines show the general trend of each property. The
E-moduli of these blends for corresponding compositions are grossly comparable. A comparison
of Figure 4.3(A) and 4.3(B) shows that E-moduli are mostly determined by the total amount of PP

in the material. The variation of E-moduli due to changes due to the amount of PP are much
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larger compared to changes due to the amount of oil. Although it is clear that the oil decreases

the E-moduli of both blends, the decrease is less drastic in blends with high rubber content.
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Figure 4.3 E-modulus of TPV and SEBS/PP/oil blends with: (A), varying PP contents; (B), varying oil

contents; made in the internal mixer.

The hardness of the compounds are in the range of 40-90 Shore A. The variation of
hardness with the amount of PP and oil is same as in the case of E-modulus and is not reported
for the sake of shortness.

The tensile strength of TPV and SEBS/PP/oil blends with increasing amount of PP and oil
content is given in Figure 4.4(A) and 4.4(B), respectively. The tensile strength values are almost
comparable for the two blend types at the low PP-end, but significantly higher for SEBS/PP/oll
blends at the high PP-side. This shows that at the low PP-end, the rubber/oil phase in both
blends has a similar contribution to the tensile properties. The large differences in tensile strength
at the high PP-compositions show that, in addition to blend composition, there are more factors
which influence the stress-strain behavior of these systems. Most likely factors are: blend
morphology, crystallinity of the PP phase and the oil distribution between the rubber and PP
phase.

From Figure 4.4(B) it is clear that oil in general decreases the tensile strength of both
blends - the decrease being much faster in SEBS/PP/oil blends as compared to TPVs. This
indicates that the oil has more influence on the tensile strength values of SEBS/PP/oil blends as
compared to TPVs. The reason can be differences in the oil distribution between the rubber and
PP phase. It can also result from differences in the deformation mechanism of the two blends due

to different morphologies and crystallinity of the PP phase.

As compared to the E-modulus and ultimate tensile strength values, the differences in the
elongation at break between the TPV and SEBS/PP/oil blends are large. Figure 4.5(A) suggests
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that the values decrease with increase of PP-content for SEBS/PP/oil blends but increases with
increasing amount of PP in TPV blends. The effect of oil on elongation at break is shown in
Figure 4.5(B). A contradictory pattern is seen for TPVs and SEBS/PP/oil blends. The elongation
at break values of SEBS/PP/oil increase with increasing amount of oil and that of TPV decrease.

The most likely reasons for these differences lies in the deformation behavior of SEBS/PP/oil and

TPVs and/or blend morphology.
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Figure 4.4 Tensile strength of TPV and SEBS/PP/oil blends with: (A),varying PP content; (B), varying oil
content; made in the internal mixer.
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Figure 4.5 Elongation at break of TPV and SEBS/PP/oil blends with: (A), varying amount of PP; (B),

varying amount of oil; made in the internal mixer.

An overall comparison of the stress-strain behavior of the TPVs and SEBS/PP/oil blends
shows that the properties of these two blend types, are in principle, different. Despite these

differences, the properties are close enough to be considered for similar sorts of applications. In
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order to understand these paradoxes it is necessary to study the blend morphology, oil
distribution and crystallinity of the PP-phase. In addition, the properties of the binary blends of

vulcanized EPDM/oil, SEBS/oil and PP/oil must be examined. The mechanism in which the

binary blends couple to give the properties of the ternary blend might throw some light on this

problem. These aspects will be the discussed in Chapter 5.

4.3.2 Effect of mixing equipment on the stress-strain properties
4.3.2.1 TPV blends.-

The stress-strain properties of the TPV blends prepared in the two types of mixing
equipment are shown in Figures 4.6 (A)-(C). The blends prepared in the twin-screw extruder
show consistently higher E-moduli and tensile strengths than the blends prepared in the internal
mixer. Although the differences are small especially at low PP compositions, they are based on

reproducible experiments and so, should be taken for real.
4.3.2.2 SEBS/PP/oil blends.-

The stress-strain properties of the SEBS/PP/oil blends prepared in the two types of mixing
equipment at different SEBS/PP/oil compositions are shown in Figures 4.7 (A)—(C). The
properties of the blends are practically the same for both types of mixers except for the
composition with highest amount of PP, where the E-modulus of blends made in the internal

mixer is clearly higher than for the blends made with the twin-screw extruder.
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The differences in the tensile properties of blends made in the internal mixer and co-rotating twin-
screw extruder are significant. The mixing conditions in a ZSK twin-screw extruder are
significantly different as compared to the internal mixer. The temperatures, shear rate, feeding
process are different in the two mixing equipments. The results show that these factors do have
an effect on the tensile properties of TPVs and SEBS/PP/oil blends.

In blends of rubber/PP, tensile properties like the E-moduli, tensile strength and
elongation at break are related to structural features of the blend. The E-modulus is determined
at very low deformation where only the elastic effects of the network and degree of crystallinity of
the PP phase are important. " The ultimate tensile strength and elongation at break are
determined at large deformations where, in addition to crystallinity and crosslink density of the
network, the blend morphology may have an influence.'" In order to explain the similarities as
well as the differences observed in the stress-strain properties of the two blend systems, the
following aspects were further studied: a) differences in morphology; b) differences in the degree
of crystallinity of the PP-phase; c) differences in degree of cure of the EPDM phase in case of the

TPVs: see below.

4.3.3 Compression set

The compression sets of the TPV and SEBS/PP/oil blends measured after 72 hrs at 25°C
are shown in Figure 4.8. These compositions were made in the internal mixer. For all
compositions studied, the compression set values are lower for SEBS/PP/oil-blends than for the
TPV-blends. This is most likely due to a slight crystallinity of the EPDM-phase. If the experiments
are repeated at higher temperatures e.g. 24 hrs at 100°C, the compression set of the
SEBS/PP/oil blends increases much more than for the TPV blends: Figure 4.9a. This is, because
at that temperature the polystyrene domains are near their glass transition temperature. These
results show, that the compression sets of TPVs are much more stable to changes in
temperature as compared to SEBS/PP/oil blends. The compression set values at 100°C are
differentiated in three levels. If the amount of PP is expressed in terms of phr, as in Figure 4.9b,
the three levels in Figure 4.9a can be correlated to the amount of PP/rubber ratio in the blends.
This shows that the compression set values for both blends at 100°C is primarily determined by

the PP/rubber ratio and is independent of the amount of oil.
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as a function of the amount of PP in phr.

The influences of different mixing equipments on the compression set values are shown
in Figure 4.10. The TPVs made in the twin-screw extruder consistently show lower compression
set values than those made in the internal mixer. Apart from the crystallinity effect of the EPDM,
mentioned before, this may be due to a higher crosslink density of the EPDM phase in the TPVs

made in the twin-screw extruder, as will be confirmed later: see 4.3.6 below. This result
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correlates with the higher E-moduli and tensile strength values of the TPVs made in the twin-
screw extruder as compared to the internal mixer. The values of compression set for SEBS/PP/oll

blends were almost the same for the two mixers.

4.3.4 Morphological characterization of the TPVs and SEBS/PP/oil blends
4.3.4.1 TPV blends.-

Figures 4.11 (A)—(E) show TEM-images of the TPVs with different compositions: (A), BE1;
(B), BE3; (C), BE7; (D), BE9 and (E) BE5, to represent the corner-points and center of the DOE,
respectively. As a consequence of preferential staining of the EPDM phase by RuQ,, the dark
phase can be assigned to EPDM domains and the white phase to PP. The oil in either phase is

not visible.

The dark phases are proportional to the amount of EPDM rubber in the blends. The
particles appear to be larger in TPV-blends with a low PP/rubber ratio: compare BE1 and BE3,

respectively BE7 and BE9. At constant PP/rubber ratio, the EPDM particles appear larger if more
oil is present in the blend: compare BE1 vs. BE7 and BE3 vs. BE9.
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Figure 4.11 TEM micrographs of TPV blends: (A), BE1;
(B), BE3;(C), BE7;(D), BE9 and (E), BES5.
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TEM-images of blends made in the internal mixer vs. the twin-screw extruder are shown in
Figures 4.12 (A)—(D). In all cases the observations obtained from TEM were reconfirmed using
LVSEM. In some TPVs the morphology was better revealed using LVSEM - e.g. for blends BE5
and TES5: Figure 4.13. By combining TEM- and LVSEM- data it can be seen, that for all
compositions of the TPVs, the EPDM is dispersed as particles in the PP- matrix. The particle
shapes are quite complicated. In TPVs prepared in the twin-screw extruder, the EPDM particles
are primarily elliptical in shape. Similar elliptical shapes of EPDM particles were reported by
Jayraman®®” in EPDM/PP TPV blends. For TPVs prepared in the internal mixer, the particles are
more uniform and spherical in shape. The particle size distributions for selected TPV
compositions reveal, that with the exception of sample BEG6, the largest amount of EPDM
particles is in the range of 1-2 um, irrespective of the preparation method used: Figure 4.14. The
particle size distribution is somewhat wider for the twin-screw extruded blends than for the TPVs

produced in the internal mixer.
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Figure 4.12 Comparative TEM images of TPV blends made in the internal mixer (top) and twin-screw

extruder (bottom): (A), BE6 vs. TEG; (B), BE2 vs. TEZ2; (C), BES vs. TE5; (D), BE4 vs. TE4.
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Figure 4.13 Comparative figures of the morphology of blends made in the internal mixer and
twin-screw extruder, as revealed by LVSEM: (A), BE5; (B), TE5.?



74 Chapter 4

T T T T
100 ——TEG
—0— BE6
—A—TE2 -
801 —— BE2
< ——TE4
S 60 i
o
€
(o]
o -
5 40
e
Z
20+ .
0

T T T T r " : . -
0 -1microns 1-2 microns 2-3 microns 3- 4 microns 4-5 microns

Particle size (microns)

Figure 4.14 Particle size analysis of TPVs made in the internal mixer and twin-screw extruder.

4.3.4.2 SEBS/PP/oil blends.-

The differences of morphology in the SEBS/PP/oil blends due to changes in composition are
similar to that observed for TPVs. However, the differences in morphology due to mixing in the
internal mixer vs. the twin-screw extruder are less conspicuous than for the TPVs. Figures 4.15
(A)-(D) show the TEM-images of the SEBS/PP/oil blends at selected compositions. The TEM
images for other compositions are not shown but are similar in morphologies. All the images
show a pattern of rather irregular, interconnected dark domains uniformly distributed throughout
the samples. As a consequence of preferential staining of the polystyrene domains in SEBS by
RuO,, the dark domains are assigned to SEBS and the white phase to PP. The oil in either phase

is not visible.
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Figure 4.15 TEM micrographs of SEBS/PP/oil samples: (A), BS1; (B), BS3;

(C), BS7 and (D), BS9.
The SEBS domains appear to be larger in the blends with low PP/rubber ratio: compare BS1 vs.
BS3 resp. BS7 vs. BS9. At a constant PP/rubber ratio the SEBS domains appear larger if more
oil is present in the blend: compare BS1 vs. BS7 and BS3 vs. BS9. This observation is similar to

what was seen in the TPVs and results from swelling of the rubber phase by oil.
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TEM images of blends made in the internal mixer and twin-screw extruder are shown in
Figure 4.16. The images on the top refer to the internal mixer and the corresponding twin-screw
extruded blends are shown below.

(A) (B) (C)

Figure 4.16 Comparative TEM images of SEBS/PP/oil blends made in the internal mixer (top) and
twin-screw extruder (bottom): (A), BS6 vs. TS6; (B), BS5 vs. TS5; (C), BS8 vs. TS8.

For all compositions, the TEM images show the SEBS- and PP-phases to form a co-continuous
morphology. Detecting co-continuity differences with a single technique is difficult. The TEM
images alone are insufficient for unambiguous determination of the blend morphology. For this
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reason the TEM images were supplemented with LVSEM and atomic force microscopy (AFM)
images. Representative LVSEM and AFM images are shown in Figures 4.17 and 4.18,
respectively, for the blends BS6 and TS6. Unfortunately the contrast between the SEBS and PP
phase is not high in these images either. Nevertheless it can be observed that for the
composition 6, the blends made in the twin-screw extruder are less co-continuous than the
corresponding blends made in the internal mixer. The SEBS domains also appear larger in TS6
than in BS6. For blends at other compositions no differences in the degree of co-continuity
between the SEBS and PP phases could be detected.

(B)

EHT = 1.57kV Signal A = SE2 Date :28 Jan 2002

EHT= 1.10kV Signal A=SE2  Date :28 Jan 2002 1um :
Mag= 500KX |}—| WD= &mm Photo No. =748 Time :15:25:08

1pm
Mag= 500KX |—] WD= 4mm Photo No. =740 Time :14:45:07

Figure 4.17 LVSEM images of blend (A), BS6; and (B), TS6. "
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Figure 4.18 AFM images of blend (A), BS6; and (B), TS6.!"
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Figure 4.19 Percentage of SEBS and oil extracted from
SEBS/PP/oil blends made in the internal mixer and twin-screw

extruder.

To further confirm the co-continuous morphology observed with TEM and LVSEM, the
blends were extracted in toluene at room temperature for 24 hours. This resulted in complete
extraction (over 95 %) of the SEBS and oil from all the blend compositions: Figure 4.19. The
remaining PP-structure was self-supporting after extraction. This proves that almost all of the
SEBS phase was accessible to the solvent, which is only possible if the SEBS phase is co-
continuous. The amount of extractable SEBS and oil was consistently lower for the blends made
in the twin-screw extruder as compared to the blends made in the internal mixer. This indicates a
somewhat lower degree of co-continuity of the SEBS-phase for blends made in the twin-screw
extruder, thus reconfirming the results obtained from microscopic studies for the blend

compositions BS6 and TS6.
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Figure 4.20 Specific enthalpy of TPV, SEBS/PP/oil blends,
oil extracted TPV blends and oil extracted SEBS/PP/oil

blends made in the internal mixer.

4.3.5 Crystallinity of the PP phase

Results from integrating the crystallization exotherm of polypropylene from DSC data on
selected TPV and SEBS/PP/oil blends are shown in Figure 4.20. The linear relationship between
PP composition and enthalpy of crystallization (or specific enthalpy) shows that the crystallinity of
PP in the blends is independent of the blend composition and hence of the blend morphology.

Similar results has been reported by Ohlsson for SEBS/PP/oil systems.!"®!

The enthalpy of crystallization is a product of the degree of crystallinity X; of the PP phase
and heat of fusion per gram of 100% crystalline PP.?" The degrees of crystallinity of the TPVs
and SEBS/PP/oil blends prepared in the internal mixer and twin-screw extruder are shown in
Figure 4.21. The values are grossly comparable for TPVs made in the two instruments. Thus, we
conclude that the differences in the stress-strain properties of the TPVs having similar
composition, are not due to different crystallinity of the PP phase. The SEBS/PP/oil blends made
in the twin-screw extruder show consistently somewhat higher degrees of crystallinity than the
blends made in the internal mixer at all compositions. However, this does not correlate with the
tensile properties of these blends. This implies that, the PP-crystallinity does not have an effect

on the differences in the stress-strain properties of the SEBS/PP/oil blends either.
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Figure 4.21 Degree of crystallinity of TPV and SEBS/PP/oil
blends.

Whereas the crystallinity of PP was independent of composition, the melting temperature
of PP in these blends showed a different behavior: Figure 4.22. The shapes of these curves are
the same for both TPV and SEBS/PP/oil blends. On the other hand, the crystallization
temperature of the PP, shown in Figure 4.23, in these two types of blends show large differences.
A depression in crystallization temperature of the PP-phase is observed in oil extended blends of
both systems as compared to pure PP. The depression is higher in case of SEBS/PP/oil blends
than for the TPVs, especially at the low PP-content. On extracting the oil from these blends the
crystallization temperature increased in both blend types as compared to pure PP. The relative
increases in crystallization temperature after oil extraction is however the same in both blend

types.
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In TPVs, migration of stannous chloride, used as a catalyst during crosslinking may have
an influence on crystallization point.?? However, DSC experiments carried out on unvulcanized
EPDM/PP/oil blends without stannous chloride and zinc oxide did not show any difference in
crystallization temperature as compared to the corresponding TPV. This shows that ZnO and
stannous chloride did not act as nucleating agent for PP in the blends under investigation. These

differences are rather related to the nature of rubber phase.

4.3.6 Gel measurements of TPVs

In order to judge the level of crosslinking of the EPDM phase in the TPVs, results from the
gel measurements are given in Figure 4.24. In all cases the gel content is higher than or equal to
95%. Taking into account the experimental scatter in the gel-measurement, the result show a
tendency to higher gel contents, obtained for the TPVs made in the twin-screw extruder than for
those made in the internal mixer. At high gel content values, small differences in gel content
relate to large differences in the degree of crosslinking.”?® This implies that the crosslink density
of the EPDM phase in TPVs made in the twin-screw extruder was considerably higher — which
possibly contributes to a higher E-modulus and tensile strength - than in the case of TPVs made
in the internal mixer. In Figure 4.24, the largest differences in gel content are seen in between the
blends, BE4 and TE4 having the maximum amount of EPDM. The smaller differences in the gel
content at other compositions is probably related to the inability of the xylene to remove all the
PP entrapped in the EPDM gel.
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Figure 4.24 Xylene-gel measurements on TPV blends made in the

internal mixer and twin-screw extruder.

4.4 DISCUSSION

4.4.1 Stress-strain properties

The comparative study into the tensile properties of EPDM/PP/oil - TPVs and
SEBS/PP/oil - blends showed several interesting features. Despite having a difference in
morphology, the E-modulus values of these two blend types, are almost the same at identical
blend compositions. This proves that the E-modulus in these systems is not dependent on
morphology. Similar observations have also been reported by others.**?! The E-modulus is
determined at very low deformation, where mainly the elastic effects of the network and degree of
crystallinity of the PP phase are of importance. For EPDM/PP/oil TPVs our results show, that the
E-modulus is primarily determined by the PP content and crosslink density of the dispersed
EPDM particles — being higher for blends made in the twin-screw extruder because of a higher
degree of vulcanization achieved. For SEBS/PP/oil blends the contribution of the SEB-phase to
the E-modulus mainly depends on the polystyrene content of the block.* Since we used only
one type of SEBS for all blends the contribution of the SEBS phase to the E-modulus was only
proportional to its weight fraction. No dependence of the E-modulus of EPDM particle size
distribution in the TPVs or of the degree of co-continuity of the SEBS-phase in SEBS/PP/oil
blends was observed.
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In contrast to the E-modulus, the ultimate tensile strength and elongation at break are
determined at large deformations, where in addition to crystallinity and crosslink density of the
network, the blend morphology may have an influence. Since the PP-phase is common in both
blend types, the observed differences may relate to the strength of the chemical crosslinks in the
EPDM particles versus that of the physical crosslinks in the SEBS phase. The spatial

distributions of these crosslinks as influenced by the blend morphology are also important.

A better understanding of how blend morphology is related to mechanical properties is
obtained by drawing analogies with mechanical models, to be discussed in the next chapter. The
different phases that constitute the blend morphology, may be coupled in series or in parallel,
similar to the Kelvin and Voigt models used for description of viscoelastic behavior of polymers.
Because of geometric considerations one expects a lot more parallel coupling of components in a
co-continuous morphology, as compared to particle-matrix type morphology. During tensile
loading, especially at high volume of PP, the contributions of both components are much higher
in parallel coupling as compared to series couplings. This explains the higher tensile strength of
blends with co-continuous morphologies as compared to the same blends with dispersed

morphologies.

The elongation at break values of TPVs decrease with decreasing PP-content of the
blends. The toughness as estimated by the area under the stress-strain curve decreases with
increasing rubber/oil content in these blends. This observation is similar to that reported by
Lesser and Jones.””’ Based on studies on fracture properties of dynamically vulcanized
EPDM/PP/oil TPVs it was reported, that both resistance to crack initiation and crack growth is
poor with TPV blends containing higher amounts of rubber phase. A possible explanation of this
effect can be given on the basis of differences in the EPDM particle size. In the works of
Pukanszky et al.”® on impact properties of EPDM modified PP it was shown that an increase in
EPDM particle size leads to a gradual reduction in elongation at break values. Coran and Patel®®*!
also reported higher fracture properties for EPDM/PP TPV blends having smaller EPDM particle
size. This implies that smaller particles result in better resistance to crack initiation and growth as

compared to larger particles.
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The stress-strain properties of the SEBS/PP/oil blends are mostly similar for both twin-
screw extruder and internal mixer and independent of the differences in crystallinity. At higher
strains, the SEBS/PP/oil blends show a more pronounced strain hardening effect with higher
tensile strength and elongation at break as compared to the TPVs. The reason for this effect lies
in the mechanism of tensile deformation of the PP phase that occurs in combination with the
deformation of the SEBS phase. Modeling experiments by Lee et al. *% showed that the strain
hardening response is dominated by molecular orientations of the amorphous regions in the PP
phase. Upon very large strains, whereupon the amorphous orientation has nearly reached the
maximum, the crystallographic texture begins to significantly contribute to the strain hardening.
For SEBS/PP/oil blends the orientation of the PP phase occurs along with the orientation of the
co-continuous SEBS phase. The strain hardening response in these types of block copolymers
are due to plastic deformation of hard polystyrene domains - a process that requires a large
amount of energy.”" The TEM image of fractured blend BS6, shown in Figure 4.25 confirms the

deformation of the SEBS domains.

Figure 4.25 TEM image of fractured BS6 showing
deformed SEBS domains.
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4.4.2 Morphology

The morphological pictures show that the TPVs made in the twin-screw extruder have a wider
particle size distribution than the corresponding blends made in the internal mixer. The largest
amount of EPDM particles is in the range of 1-2um. Whether the small morphological differences
can lead to the observed differences in the stress-strain properties is not clear. However, the
observed morphologies can be explained by considering the mixing conditions of the blends in

the two types of mixing equipment.

Important differences between the mixing conditions in a twin-screw extruder and Brabender

mixer are:
a) Shear rate — which is much higher in a twin-screw extruder than in an internal mixer.

b) Residence time - being higher for the internal mixer. The difference depends on the mixing
time used in internal mixer. In case of TPVs the residence time in the internal mixer (10
minutes) was roughly about 10 times longer than the residence time in the twin-screw
extruder (about one minute).

c) Temperature profiles: 180°C — 210°C for TPVs made in the twin-screw extruder; in the

internal mixer, the temperature of the mixing chamber was in the range 180 °C - 190 °C.

d) Flow behavior- the relative amount of shear and deformation flow is different in the two
machines due to differences in screw geometry in the twin-screw extruder or rotor design in

the internal mixer.

During homogenization three main processes take place. At short mixing times large pieces
of elastomer are dispersed in the melted or partially melted PP matrix the dominating process is
particle break-up. With increasing mixing time the average size of the particles decreases and an
equilibrium is reached between particle break-up and coalescence. SEBS particles in the
SEBS/PP/oil blends can undergo coalescence but crosslinked EPDM particles in TPVs are not
likely to coalesce. So in TPVs a reduction in particle size with increasing homogenization is

expected.

The role of shear deformation on the break-up of particles is questionable. From theoretical
calculations on Newtonian droplets it is known, that above a particular viscosity ratio it is
impossible to break up a droplet by pure shear. In these situations, elongational forces are more
effective in breaking the droplets than shear forces. In the internal mixer and twin-screw extruder,
the particle break-up is a result of a combination of elongational and shear forces. The relative

contributions of these forces in these mixers are however not known. This implies that, although
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the twin-screw extruder has a higher shear rate than the internal mixer, it does not guarantee a

smaller particle dispersed phase size.

The greater uniformity of EPDM particles for TPVs made in the internal mixer is probably
related to the larger residence time of the blends in the internal mixer as compared to the twin-
screw extruder. The larger residence time results in larger total strain (shear/elongational rate x
residence time) in the internal mixer, responsible for further breakdown of remaining larger EPDM

domains into smaller uniform domains.

The study of the gel content, compression set and morphology of the TPVs shows, that
the higher E-modulus and tensile strength values of the TPVs made in the twin-screw extruder
vs. internal mixer are primarily governed by the PP content and crosslink density of the EPDM
phase. Additionally, the morphological differences might have an influence. The blend crystallinity

is grossly comparable for both mixing equipments.

While the rubber phase was dispersed in the TPVs, the SEBS phase in SEBS/PP/oll
blends is co-continuous with the PP phase at similar compositions for both types of mixing
devices. The reason for this must reside in the block copolymer structure of SEBS. The condition
for the formation of such co-continuous morphologies is the existence of stable, elongated SEBS
structures that do not show break-up or retraction in the melt. Experiments with block copolymer
blends, like SEBS/PP and SEBS/PMMA, by Veenstral'¥ have shown that with physical crosslinks
present in the system during mixing, the break up and retraction of co-continuous structures can
be severely limited or even totally stopped. The low interfacial tension between PP and SEBS

and the high yield stress of SEBS further helps to stabilize these co-continuous structures.

Our experiments with the SEBS/PP/oil blends have shown that for composition 6 the
blend made in the twin-screw extruder is less co-continuous than the blend made in the
Brabender mixer. Such differences in the degree of co-continuity could not be detected for the
other compositions. Possible reasons for such observations, especially relevant for SEBS/PP
compositions with the lowest amount of SEBS - i.e. for composition 6 - are again related to the
difference in residence time of the blend in the mixers. The residence time of the SEBS/PP/oil
blends in the Brabender was 30 minutes, which again implies about a 30 times larger residence
time than for the twin-screw extruder. A larger residence time implies more coalescence between
the SEBS domains because of: (a), more number of collisions between the domains; (b), larger
differences in viscosity between the SEBS and PP phases. If the residence time of the blends is
less than the coalescence time like in the extruder, the blend will be less co-continuous as

compared to the morphology of a similar blend prepared in the internal mixer. This process is
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also composition dependent. The effect will be more manifested in blends with lower SEBS

content, due to lower probability of coalescence.

A last important factor, which can influence the stress-stain properties of these blends, not
further covered in this chapter, is the oil distribution between the rubber and PP phase. This will

be addressed in the next chapter.

4.4.3 Crystallinity of the PP-phase

The differences in the crystallization temperature of the PP-phase in TPV’s as well as in
SEBS/PP/oil blends, as seen in Figures 4.22 and 4.23, may be attributed to differences in the
nucleating ability of the rubbers for PP-crystallization and extent of miscibility with the PP phase
in melt. Although there is little experimental data in the literature on the nucleating ability of
crosslinked EPDM domains or SEBS rubber on the crystallization behavior of PP, especially in
blends containing over 40 wt.-% rubber phase, there are several experimental works available on
EPDM/PP unvulcanized blends. In the work of Martuscelli et al.®? and Jang et al.’*¥ a dramatic
increase in the number of nuclei in blends, with increasing EPDM concentration was found as
compared to plain PP. Through detailed studies of primary nucleation behavior in PP/EPM
blends, the nucleation process was found to vary not only with the composition but also with
variation of mixing time and thermal history of samples prior to crystallization. It was
demonstrated that the increase of nucleation density with increasing EPM-content in the blend
and with increasing mixing time is not caused by the nucleation activity of EPM on the PP
crystallization, but is a result of an increased number of heterogeneous nuclei — particles of
impurities and/or additives added to the polymers during blending. The low crystallization
temperature of the PP phase is SEBS/PP/oil blends as compared to that in TPVs is also due to
better miscibility between the SEBS and PP phase in melt."”!

4.5 CONCLUSIONS

In this study two thermoplastic elastomer blends systems have been analysed on the
basis of their tensile stress-strain properties. These blends are: (1) dynamically vulcanized
EPDM/PP/oil and (2) thermoplastic olefins based on SEBS/PP/oil.
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While a strong influence of the composition and mixing equipment was seen on the
morphologies of the blends of each type, there was a limited difference seen in the E-modulus of
these two systems. This is because the E-modulus is determined at very low deformation, where
only the elastic effects of the network and degree of crystallinity of the PP phase are important.
Properties that involve large deformations such as the ultimate tensile strength and elongation at
break are affected by parameters such as blend morphology. The stress-strain properties of the
TPV blends at identical compositions depend on the mixing equipment used. Using a twin-screw
extruder a higher degree of crosslinking was obtained resulting in higher E-modulus, as
compared to the blends made in an internal mixer. The higher crosslinking of the EPDM phase is
confirmed by xylene gel and compression set measurements. The crystallinity of the PP-phase in
the TPVs is more or less comparable for both types of mixing equipment. The particle size
distribution of the TPV blends made in the twin-screw extruder is wider than of the blends made
in the internal mixer. This can be explained from the differences in total shear being much larger

for the internal mixer than for the twin-screw extruder.

The stress-strain properties of the SEBS/PP/oil blends at identical compositions are quite
independent of the mixing equipment used. For compounds with a high amount of PP, the blends
made in the twin screw extruder appear to be less co-continuous than the blends made in the
internal mixer. Similar to the TPVs, this can be explained on the basis of residence time
differences for the blends in the two instruments. In general, the elongation at break values of the
SEBS/PP/oil blends having co-continuous morphology is higher for TPVs with a dispersed EPDM
phase morphology. This is due to concerted orientation of the co-continuous SEBS and PP

phases.

The overall conclusion of this work is, that the dynamically vulcanized EPDM/PP/oil
blends and thermoplastic olefinic blends of SEBS/PP/oil do show differences in their stress-strain
properties like tensile strength and elongation at break, that are related to their different blend
morphologies. So in this respect they are similar to any other immiscible polymer blends. Some
other properties of these blends, like the E-modulus, are similar because they are determined
more by the amount of crystallinity of the PP phase and its content but not so much by the blend
morphology. Consequently, the properties of both blend systems can be tailored according to the
requirements of the intended application, by changing parameters such as blend composition and

preparation method.
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Chapter 5

Modeling the mechanical properties of ternary TPV and
SEBS/PP/oil blends

This chapter investigates the influence of oil distribution on the mechanical properties of
TPVs and SEBS/PP/oil blends. The oil distribution values between the PP and rubber phase are
calculated based on experiments with dielectric relaxation spectroscopy (DRS). Model binary
blends of PP-oil, vulcanized EPDM-oil and SEBS-oil are studied in order to understand the
stress-strain properties of ternary TPVs and SEBS/PP/oil blends. The experimental values of E-
moduli of the ternary blends are compared with their corresponding calculated values, obtained
with the help of empirical models. Some of these models viz. Davies, Coran, Takayanagi,
Veenstra D and Kolarik were found to be better than others, viz. the Halpin—Tsai, parallel and
series models for predicting the E-moduli. While the E-modulus values gave a reasonably good fit
with the models, the properties measured at high strains such as tensile strength and elongation
at break were difficult to simulate with modeling. In addition to modeling tensile properties, cyclic
deformation experiments and microscopic studies of deformed samples were carried out in order
to experimentally verify the assumptions of the models. The studies showed that the deformation
behavior of pure PP phase is different from the deformation of PP in tertiary blends, which
partially explains why the modeling attempts to fit the tensile strength and elongation at break
values were not so successful as the E-moduli. The chapter shows that, in addition fto morphology
and blend composition, the properties of these two blend systems are also dependent on oil

distribution between the phases.
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5.1 INTRODUCTION

One of the attractive features of immiscible polymer blends is the possibility to
tailor their properties. In order to do that, it would be of help to predict their properties
with the aid of mathematical models. To make such a model for dynamically vulcanized
TPVs and SEBS/PP/oil blends, various factors that influence the properties must be
known. In Chapter 4 of this thesis, a comparative study of the E-moduli, tensile strength
and elongation at break of these blends was presented. In order to explain the
properties, (1) morphology, (2) blend crystallinity for both blend types and (3) gel content
of the EPDM phase in TPVs were investigated. Despite having differences in
morphology, the E-modulus values of the TPVs were similar to those of SEBS/PP/oil.
The tensile strength and elongation at break values were different however for these two
blend types, which could be due to differences in morphology, oil distribution or
properties of constituent phases. Thus, the role of morphology in governing these tensile
properties is not clear. If the properties are governed by composition only and not by
morphology, it should be possible to predict them by simple composite averaging
methods.

In order to model their stress-strain behavior, the ternary blends can be
considered as two-phase systems in which the oil is distributed over the PP and
elastomer phases. The properties of the two phases depend on the amount of oil
present in each phase, which is not known beforehand. If these properties can be
estimated from series of binary phases of PP-oil and elastomer-oil, then the properties of
the ternary blends can be calculated from a weighed addition of the two phases.

The goal of this chapter is to investigate upto what extent the tensile properties of
ternary blends can be explained purely on the basis of blend composition, corrected for
the oil distribution between the phases, without taking into consideration the blend
morphology. The experimentally obtained values of E-moduli, tensile strength and
elongation at break are compared with those obtained theoretically from the empirical
models. Some of the basic assumptions for using these models are as follows:

(1) Each component contributes isotropically to the property corresponding to its
volume fraction;

(2) The adhesion between the phases is perfect even at large strains;
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(3) The mixing process of rubber and PP does not result in a significant change of
morphology, so that the structure evolution during deformation of ternary blends
is basically not different from the binary systems.

The oil distribution is calculated using the shift in glass-transition temperature of
the binary blends and comparing them with the corresponding shift in ternary blends."
The binary oil compositions are selected such that they correspond to the oil content in
the phases of the compounds. The theoretical treatment of the models used in these

studies is discussed below.

5.2 MODEL CONSIDERATIONS
5.2.1 Series and Parallel models'

Models such as series and parallel models are often used as first approximations
of the upper and lower limits, respectively, of the mechanical properties of isotropic
heterogeneous materials. The parallel coupling of elements implies, that the strains of all
constituents are equal and the contribution of each component to the final value of a
mechanical property is given by the rules of mixing. The lines of force do not cross any
interface, so that the resulting mechanical properties of the composite systems are
independent of interfacial adhesion. Mathematically, parallel coupling of elements is
given as:

M:¢1M1 +¢2Mz (5.1)
where ¢; and ¢, are the volume fractions of components 1 and 2 respectively. M, and M,
are the particular properties under consideration of the pure component 1 and 2
respectively, and M is the property of the blend.

The series coupling of components stands for the lower limit of the mechanical
properties. Since all components are discontinuous in the direction of the applied force,
their continuity can be regarded as zero. Contributions of constituents to a system
property are then expressed by the inverted rule of mixing. As all stress is transmitted
through the present interfaces, interfacial adhesion between the constituents is of
primary importance. Mathematically, series coupling of elements is given as:

L4 4

2 h % (5.2)
M M, M,

In principle, the phase structure of heterogeneous isotropic materials cannot

correspond to mere parallel or series coupling of components, but models combining
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both couplings are indispensable. Examples of such couplings are seen in the models of
Halpin-Tsai,’®! Coran,!”! Takayanagi,” Davies,”® Veenstral”! and Kolarik®. Mathematical

descriptions of each model are given below.

5.2.2 Halpin-Tsai model
Halpin-Tsai developed a well-known theory for predicting the modulus of fiber-

reinforced composites as a function of aspect ratio. A general form of the model is given

below:
M /m, = 1F489.) (5.3a)
(1 - B¢2)
where
p=MLIM)-L (5.3b)

(M, /M,)+4

In this model subscripts 1 and 2 correspond to the continuous and dispersed phase,
respectively. The constant A represents the shape parameter and is equal to 0.66 when
elastomers form the dispersed phase in a continuous hard matrix.”! M is the property of

the blend and M; is the property of the matrix.

5.2.3 Equivalent Box model of Kolarik

Kolarik’'s method for predicting the mechanical properties of polymer blends is
based on the equivalent box model (EBM). In the EBM both phases are assumed to
have a series and a parallel contribution to the property. The contributions of the
corresponding components are represented by blocks. The dimensions of the blocks
indicate which volume fraction, ¢;, of each constituent can regarded as coupled in
parallel or in series, so that the EBM response to loading can be equivalent to that of the
modeled system. Figure 5.1 shows a schematic representation of a two-parameter

model of EBM in which, out of four-volume fractions ¢;, only two are independent.
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Figure 5.1 Equivalent Box model for a model binary blend

The fractions of the components 1 and 2 couples in series (subscript s) and parallel

(subscript p) are related as follows:

¢ =4, +4, (5.4a)
b, =y, + by, (5.4b)
P, =¢,+0, (5.4c)
b, =p, + 0y, (5.4d)
g +¢, = ¢p +¢, =1 (5.4e)

The contributions of the parallel and series branches to the E-modulus of the EBM are

equal to:
Ep = (E1¢1p + E2¢2p)/¢p and Es = ¢s /[(¢ls /El) + (¢2s /Ez )] (5.4f)

The resulting E-modulus of the two-component blend E, is then given as:

Eb = El¢1p +E2¢2p +¢s2 /[(¢ls /El)+(¢2s /Ez)] (5.49)

The E-modulus is measured at low strains, typically below 1%. At higher strains the
applied tensile stress is likely to exceed the linearity limit. Kolarik deduced the following

equation for tensile strength in terms of the EBM visualized in Figure 5.1.

TS, =TS,4,, +TS,4,, + ATS,¢, (5.4h)
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where TS;>TS, and A is inversely proportional to the extent of interfacial debonding. The
value of A is 0 for complete debonding and 1 for strong interfacial bonding.

Calculation of ¢; for the EBM employs a universal percolation formula derived for
the modulus of binary systems with negligible contribution of one component:

E =E,(¢,—¢.)" (5.4i)
where i = 1,2. E, is a constant, ¢ is the critical volume fraction (percolation threshold)
above which the phase becomes continuous and ¢ is the critical volume exponent of the
i component. ¢+ thus represents the point of phase inversion for phase “1” — here PP.
Equation (5.4i) was shown to plausibly fit the modulus of a “single-component blend”
with E1 >> E;, in the range ¢ < ¢2<1. Thus equation (5.4i) can be modified into the

following form:
Ey, =E\[(¢ - )/ 1= (5.4j)
If E4 >> Ej, the contribution of Edy, to the modulus of EBM is negligible in comparison to
E1¢1p. Consequently, E1¢1, (or Exdo, for E; > > E4) can be set equal to the apparent
modulus E4y, (or Egp):
E, =E¢g, (5.4k)
E,,=E,¢$,, (5.41)
d1p and ¢z, can be calculated from combining equation (5.4i), equation (5.4k) and
equation (5.41):
¢, =l —4.) /A= ,.)]" (5.4m)
rp =[($, = 2, (1= )] (5.4n)

The remaining ¢1s and ¢z are evaluated using equation (5.4e).

5.2.4 Coran’s model
Coran’s model is based on an adjustment between the parallel and series

models for upper and lower moduli M, and M,. Thus,

M =M, +(1-f)M, (5.5a)
where f is an adjustable parameter, that varies between 0 and 1. My represents the
upper limit and M, represents the lower limit of the property. They are calculated using

equations (5.1) and (5.2), respectively. The parameter f is related to the volume fraction

of the components by the following equation:
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f=¢'(ng, +1) (5.5b)
where n is another fitting parameter and has been related to aspects of dispersed
particle shape, wetting, molecular interpenetrability, thermodynamic compatibility,
interdomain interference, etc. ¢ and ¢, are the volume fractions of the hard and soft

phases, respectively.

5.2.5 Takayanagi model

Takayanagi models consists of two main models: (1) and (2), and two
accompanying sub-models for each main model. Figure 5.2 shows schematic diagrams
of the models. The Takayanagi models regard a polymer as a hybrid material consisting
of a crystalline (striped) and an amorphous (blank) phase, with either serial or parallel
coupling. In the model, the mechanical properties are dominated by the content of
crystalline phase, which can be continuous or discontinuous. However, the only
implication of a continuous crystal phase in the model is one of mechanical continuity,

and no structural continuity.
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Figure 5.2 Schematic diagram of the Takayanagi models (1) and (2), which consist of a three-
component system.



Chapter 5 99

Model (1) is suitable for analyzing the modulus of a continuous crystal — (or
microfibril) - reinforced polymer, while model (2) is appropriate for predicting the
properties of discontinuous crystal-reinforced polymers. Depending on the stress
distribution in the material, models (1) or (2) may be considered with two sub-models, (a)
or (b), or (c) or (d), representing the possible serial and parallel alignment of a three
component system. In Figure 5.2, a unit cell in the model has an area equal 1, with a
length of unity for each side. In the serial mode (a) and parallel mode (b) of model (1),
continuous fibrils in the unit cell play a major role in the load-bearing properties, and
dominate the composite modulus. The theoretical term ‘A’ derives its meaning from the
continuous crystal (or fibrils) fraction in both models, which can be separated from the
total crystalline (or fibrils) fraction, ¢. However, there is no continuous crystalline material
in models (c) and (d) of model (2). Instead the value of A indicates a fraction of
discontinuous crystalline material (fibrils) in the series mode (c) or parallel mode (d). In
each case, the value of A determines the fraction of crystalline material and is the
dominating factor in the mechanical properties of the composite. Thus, determination of
the value of A is very important for analyzing the properties of the blend.

The theoretical properties for each model are given by the following equations:

Model (a): M = - . GA (5.6a)
(AM,+(A-AMM )H)A-A) M.(1-A)

1-A
I-A  ¢-A
M,(1-A) M, (1-A)

Model (b): M=AM_+ (5.6b)

Model (c): M = p . A g (5.6¢)
AAM, +(1-ANM,) AM,
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Model (d): M=01-AMNM_,+AN/{[(A-¢)/AM 1+ (¢/AM )} (5.6d)

where M, is the property of amorphous phase and M, is the property of crystalline
phase.

5.2.6 Davies model

This model is usually applicable to dual phase continuity in polymer blends and is

given by the equation:

M =M ¢ + M,"4, (57)

5.2.7 Veenstra model

There are four models of Veenstra, referred as model A, B, C and D. These

models are given by equations (5.8a)-(5.8d) respectively. Equations (5.8a) and (5.8b)

are used for modelling blends with droplet/matrix morphology:

YM, +(1-¥*)M,
"A-WYIM, + (-2 + M,

M(A)=M (5.8a)

YiM M,

M(B)=(-¥)M WM, +(1- )M,

(5.8b)

where ¥ = 1-¢; = ¢,. M(A) and M(B) refer to properties obtained from model A
and B, respectively.

Equations (7c) and (7d) are used for co-continuous morphologies:

M(C) =

(@' +2a’b)M ] +2(a’b+3a’h® +ab> )M M, + (2ab> +b*)M;

5.8¢
(@’ +a’b+2ab* )M, +(2a’b+ab® +b* )M, ( )

a’bM} +(a’ +2ab+b* )M M, +ab’M;

M(D) =
) bM | +aM,

(5.8d)

where a is related to the volume fraction of component 1 by the equation:

¢ = 3a’-2a° (5.8e)

and b = 1-a is related to the volume fraction of component 2 by the equation:

¢, = 3b%-2b° (5.8f)



Chapter 5 101

M (C)and M (D) refer to properties obtained from model C and D, respectively.

Here it is assumed that the PP-phase is component 1 and the rubber phase is
component 2. The Veenstra D model will be used in this thesis for co-continuous
SEBS/PP/oil blends. It consists of an arrangement of two phases within an unit cube in
such a way, that the dual phase interconnectivity is incorporated in three dimensions.

The Veenstra D model can also be used when the co-continuity in the
morphology is not perfect. In that case the equations (5.8e) and (5.8f) will not hold
exactly and a (or b) is an adjustable parameter. The volume fractions calculated from
equations (5.8e) and (5.8f) are the effective volume fractions. Their (negative) deviation
from the actual volume fraction is an indication of the degree of disruption of the co-

continuous structure.

5.3 MODELING APPROACH

Two different approaches are tried to combine the models with the experimental
data. In what will be called a Type | approach, the properties of the ternary blends are
calculated from the binary compositions with the model, as explained before. The
calculated properties are then compared with the experimental values in order to
estimate the goodness of fit. Models that are used for this approach are Series, Parallel,
Halpin-Tsai, Davies and Kolarik. In a Type Il approach, starting from the experimental
data the free-parameters of the model are adjusted to come to a good fit. The adjusted
parameters are then correlated with some features of the blends, such as blend
composition or morphology. Models that were used for this approach are from Coran
and Takayanagi. The Veenstra model C and D can be employed with either approach. In
the Type | approach the parameter “a” or “b” is assumed to be dependent on the volume
fraction of PP and rubber phase respectively. In the Type Il approach, the parameter “a”
or “b” is assumed to be freely adjustable. The value of parameter “b” can be calculated
and this can be used to calculate the effective volume fraction of the rubber phase: @ If
the model fits, then this value must show a correlation with the actual volume fraction of

the rubber phase present in the model: ¢..
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A schematic diagram of the two model approaches is show in Figure 5.3 below:
model PP-oil and
rubber—oil blends
Type - | approach
J
ORubb - Fit to Comparison with the
ubber |::> ¢'r-0 :> models :> experimental stress-strain
o oi ¢'pr-0 values of ternary blends
T distribution ﬂ
ernary
blend

!

Fit models to experimental
data

Calculate a parameter in
the model to correlate with
structural features of the
blend: ex. amount of
crystalline material, degree
of continuity, etc.

Type - Il approach

Figure 5.3 Schematic diagrams of the two model approaches.

5.4 EXPERIMENTAL
5.4.1 Sample preparation and testing

The grades of materials and sample preparation of ternary blends are described

in Chapter 3. The blend compositions are shown in Table 5.1 in the order of decreasing

PP content.

Binary PP-oil mixtures were made in the internal batch mixer (Brabender

Plasticorder 50 cc with Banbury rotor elements) at 180°C. SEBS-oil blends were

prepared by dry blending the SEBS pellets with oil. The EPDM-oil preblends were

prepared on a two-roll mill and cured during compression molding. The compositions of

all binary blends are shown in Table 5.2. PP-oil binary blends containing more than 30

wt.-% oil showed phase separation after mixing in the internal mixer and so higher oil

compositions were not taken into account.
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Table 5.1 Compositions of ternary blends.
(The blend codes are explained in Chapter 4)

Blend % % %
Rubber PP Qil

BE6/BS6 28 33 39
BE2/BS2 35 30 35
BE5/BS5 32 25 43
BE8/BS8 27 22 51
BE4/BS4 35 14 51

Table 5.2 Compositions of PP-oil, SEBS-oil and
vulcanized EPDM-oil blends (weight percent)

PP Oil SEBS Oil EPDM OQil
95 5 30 70 30 70
90 10 40 60 40 60
80 20 50 50 50 50
70 30 60 40 60 40

After mixing, the materials were compression molded using a WLP 1600/5*4/3
Wickert laboratory press at 200°C for 3 mins under a pressure of 10 MPa and then
cooled under pressure to about 30°C. Sheet thickness was 2 mm. The sheets were
punched into dumbells (ISO-37, type 2) for tensile measurements.

Tensile properties were determined at room temperature on ISO-37 type 2
dumbbell specimens using a Zwick Z020 universal testing machine equipped with a 500
N load cell. A crosshead speed of 50 mm/min was used to measure the E-modulus and
500 mm/min to measure the tensile strength and elongation at break. The standard
deviations in the experiments were less than 10%.

To study the deformation mechanism of the ternary blends, the tensile samples
were subjected to cyclic deformations. Two sorts of cyclic deformation experiments were
used. First, the samples were subjected to multiple cyclic deformations upto a fixed
strain of 100% and the hysteresis loss was measured. Second, the samples were
subjected to multiple cyclic deformations in which the strain was increased by 50% after
each cycle.

The deformation process was also studied using LVSEM and TEM. Samples

were pre-stretched to 100% and 200% strain in the tensile tester and then clamped
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firmly on a metal disc. The disc containing the sample in a stretched state was observed
in LVSEM without staining. Samples for TEM examination were taken from fractured

specimens. Sample preparation for TEM was the same as mentioned in Chapter 3.

5.5 RESULTS

5.5.1 Stress-strain properties of binary blends
5.5.1.1 PP - oil binary blends.-

Since the PP-oil phase forms the matrix in both ternary blends, the stress-strain
properties of PP and PP-oil blends can provide significant insight into the deformation
behavior of ternary blends. Stress-strain plots of several PP-oil blends are shown in
Figure 5.4. The plots show initial linear elastic behavior, followed by yielding and
necking, and some strain hardening visible in pure PP and PP with 5 wt.-% oil. With
increasing amount of oil in PP, the E-modulus, yield stress and tensile strength decrease
and the extent of necking increases: Table 5.3. Samples with oil content larger than 10
wt.-% show a marked decrease in elongation at break, indicating that PP is clearly
weakened by the oil. The results of the pure PP sample are in accordance with those

reported by the supplier.!'”!
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Figure 5.4 Stress-strain curves of different PP-oil binary blends
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Table 5.3 Tensile properties of PP-oil blends

Qil E-modulus Yield stress Tensile strength Elongation at
(wt.-%) (MPa) (MPa) (MPa) break (%)

0 900 31 32 180

5 700 25 26 250

10 500 24 19 275

20 350 17 15 150

30 200 9 12 30

5.5.1.2 EPDM-oil binary blends.-

Stress-strain curves for binary blends of vulcanized EPDM-oil are shown in
Figure 5.5. The plots simulate the deformation behavior of crosslinked EPDM-oll
particles during deformation of TPVs. The curves show a very small initial linear elastic
behavior, followed by gradual flattening and later strain hardening. As expected, the E-
modulus, yield stress and tensile strength decrease with increasing oil content: Table
5.4. The elongation at break values increase and the onset of strain hardening is

delayed with increase of oil content.
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Figure 5.5 Stress-strain plot of vulcanized EPDM-oil binary blends
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Table 5.4 Tensile properties of vulcanized EPDM-oil blends

Ol E-modulus Tensile strength Elongation at break
(wt.-%) (MPa) (MPa) (%)

40 4.8 1.1 500

50 3.5 0.5 550

60 1.5 0.3 650

70 1.0 0.1 900

5.5.1.3 SEBS-oil binary blends.-
Stress-strain curves for SEBS-oil binary blends are shown in Figure 5.6. The

plots simulate the deformation behavior of the SEBS-oil phase during deformation of

ternary SEBS/PP/oil blends.
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Figure 5.6 Stress-strain curves of different SEBS-oil binary

blends

Both similarities and differences with the stress-strain behavior of PP-oil binary blends
are visible. A comparison of the 70-30 PP-oil and 60-40 SEBS-oil blends shows, that the
E-moduli values are different by a factor of 100 and the elongation at break values are
higher by a factor of 20: Table 5.5. The blends show remarkable strain hardening
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phenomena, similar to vulcanized natural rubber or filled SBR."" The onset of strain

hardening is clearly delayed by increasing the amount of oil.

Table 5.5 Tensile properties of SEBS-oil blends

0]] E-modulus Tensile strength Elongation at break
(wt.-%) (MPa) (MPa) (%)

40 5.0 8.0 600

50 4.0 7.0 800

60 2.0 6.0 900

70 1.0 5.0 1000

A comparison with the stress-strain curves of EPDM-oil blends shows that at
similar oil content, the EPDM vulcanizates have much lower tensile stress as compared
to the SEBS-oil blends. The E-moduli values are however close for both blends. Both
tensile strength and elongation at break values are however significantly larger for the
SEBS-oil blends.

5.5.2 Oil distribution

In the rubbery state, the oil is absorbed in the rubber phase and the amorphous
regions of PP.['"? In order to relate the mechanical properties of binary blends with the
properties of PP-oil and rubber-oil phases in ternary blends, the values of oil distribution
must be known.

The oil has a plasticizing effect on both the PP and the elastomer. The change in
glass-transition temperature with increasing amount of oil can therefore be used to
prepare a calibration plot. Such plots can be used to determine an unknown oil
composition of a phase in ternary blends, if the glass-transition temperature of that
phase is known. Figure 5.7 shows this effect for PP-oil and rubber-oil blends, as
measured with dynamic mechanical analysis by Sengers.'¥ A relative comparison
shows that due to addition of oil, the maximum change occurs in the T, of the PP,
followed by that of SEBS and vulcanized EPDM.

When the glass transition temperatures of the compounds are measured with
common techniques, like DMA or DSC, only a single glass transition was observed.

Comparing these values with the ones of the binary mixtures, the T4 of the compound
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could therefore not be related to one of the phases: the glass transition dynamics of the
two phases overlap in this temperature range. These methods were thus unsuitable to

estimate the concentration of oil in the two phases.
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Figure 5.7 Relative Tg-drop of PP-oil, SEBS-oil and vulcanized
EPDM-oil.

Therefore, the oil distribution was determined using a new method, based on
dielectric relaxation spectroscopy (DRS). In this technique a molecular probe N,N-dibutyl
amino nitrostilbene was introduced into the blend in order to make them polar. DRS
reveal the molecular dynamics of polymeric materials by characterizing the response of
polar groups to a time-dependent electrical field. Further details of the DRS method are
reported in a separate thesis.[") Measurements under conditions spanning a wide range
of frequency and temperature are thus possible. The binary blend analogues of ternary
blends calculated from the oil distribution values are reported in Table 5.6. The oil
distribution coefficients (K — values) are shown in Figure 5.8. In this calculation, the two
polymer phases were regarded as homogeneous, i.e., the presence of polystyrene
domains in the SEBS phase and crystalline domains in the PP phase was not explicitly
accounted for. This simplification does not effect the present calculations because the

same assumptions were also made on the binary blends.
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Table 5.6 Compositions of the binary blends, analogues of ternary blends,
calculated from oil distribution values (in weight percentage).

TPV blends SEBS/PP/oil blends
Code EPDM-oil PP-oil SEBS-oil PP-oil
B6 52-48 73-27 52-48 73-27
B2’ 57-43 77-23 57-43 77-23
B5 49-51 70-30 49-51 71-29
B8’ 42-58 68-32 42-58 69-31
B4’ 45-55 70-30 46-54 66-34

* The compositions corresponding to these codes are given in Chapter 4. The
letter “B” implies blends made in the internal mixer.
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Figure 5.8 Oil distribution coefficient for TPV and SEBS/PP/oil blends: (a), Increasing PP/rubber ratio (b),
Increasing Oil/Rubber ratio.

The value for the oil distribution coefficient is about 0.55-0.60 with only a slight difference
between EPDM and SEBS, indicating that the oil prefers the elastomer phase in both
cases. The distribution is independent of the PP/elastomer and oil/elastomer ratios in
both blend types. These results are further discussed in another study.[™® Microscopic
attempts to visualize a separate oil phase using cryo-TEM were negative. So the
presence of a third oil phase was not considered for the oil distribution calculations.

However, the presence of small oil pockets in the regions between PP spherulites
cannot be ruled out.
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5.5.3 Fitting the E-moduli of TPVs with a Type | approach

The extrapolated E-modulus values of the binary PP-oil and EPDM-oil phases in

the ternary blends are given in Table 5.7. Note, that the E-moduli of PP-oil phases do

not necessarily decrease with a decrease in the amount of PP-oil phase the blend. This

discrepancy is most probably due to differences in oil distribution.

Table 5.7 E-moduli and Tensile Strengths of binary PP-oil and

EPDM-oil phases in ternary blends

Blend

Epp.i

(MPa)

EEPDM-oiI

(MPa)

TSpe.oi
(MPa)

TSEPDM-oiI

(MPa)

BE6
BE2
BES
BES8
BE4

353
445
283
237
283

3.98
4.68
3.56
2.58
3.0

12
15
11

9.2
7.3

0.72

0.88

0.63
0.4
0.5

E-modulus (MPa)
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Figure 5.9 E-moduli of TPVs as predicted by different models

using type | approach vs. experimental data.

Figure 5.9 shows the E-moduli of TPV blends as calculated using different models. The

properties of constituent binary phases are different at all the five compositions



Chapter 5 111

investigated, because of differences in oil distribution. A comparison with the
experimental data taken from Chapter 4 shows that most models are not able to predict
the E-moduli properly, with the exception of Davies model. The fit with Davies model
suggests that there are interactions, as interconnections between the soft domains and

the rubber phase behave like a continuous network during deformation.

5.5.4 Fitting the E-moduli of SEBS/PP/oil blends with a Type | approach.

Table 5.8 shows the E-moduli of the PP-oil and SEBS-oil phases as extrapolated
from studies of model blends. The E-modulus of ternary SEBS/PP/oil blends as
predicted by different models are shown in Figure 5.10. Except for the Davies model,
which is known to hold for blends with co-continuous morphology, all type | approaches
gave a poor fit to the experimental data. The Davies model does not fit at the

composition with highest amount of PP.

Table 5.8 E-moduli and Tensile strengths of
binary PP-oil and SEBS-oil phases in ternary

blends
Blend Erpoi EseBs-oi TSpp.oi TSseBs-il
(MPa) (MPa) (MPa) (MPa)
BS6 353 3.69 12 6.1
BS2 445 4.30 15 7.7
BS5 307 3.23 10.5 5.8
BS8 261 2.29 10 5.2

BS4 190 2.83 5.5 7
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Figure 5.10 E-moduli of SEBS/PP/oil blends as predicted by different models

vs. experimental.

5.5.5 Fitting the physical properties of TPVs and SEBS/PP/oil blends with a Type |
approach using the Equivalent Box model of Kolarik

In order to use the Kolarik's model, one can use the t's and ¢, as free
parameters: type Il approach, or alternatively use the values predicted theoretically: type
| approach. In the present calculations the value of t for both components was taken as
1.8 and ¢1¢r = derrp = 0.156 and o= derrubber = 0.156, which are the theoretically dictated
values for phase inversion|', so the type | approach.
The value of ¢+ is very crucial for the model but its physical interpretation is not clear.
According to Kolarik it represents the critical volume fraction above which one of the
phases becomes continuous. The model is not very sensitive to the value of ¢,r where
the subscript “2” refers to the rubber phase. This is because E; >> E, and so the
modulus of the ternary blend is not very sensitive to the volume fraction of the rubber.

The result of fitting the EBM to the E-moduli of TPVs and SEBS/PP/oil blends is

shown in Figure 5.11.
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Figure 5.11 E-moduli of EPDM/PP/oil-TPVs and SEBS/PP/oil blends.
The points represent the experimental values and the lines represent
fits obtained from the EBM model. The value of ¢4, = 0.156 for TPVs.
For SEBS/PP/oil blends the best fits were obtained with ¢4, = 0.18.

For experimental fitting of the E-moduli of SEBS/PP/oil blends, small variations relative
to the theoretically dictated value of 0.156 are employed. Except for one composition of
SEBS/PP/oll, the fit is excellent for all other compositions of both blends.

In addition to the E-moduli, the EBM can be used to model the tensile strength of
TPVs. The EBM however needs to be modified to account for the yielding and plastic
deformation of the matrix that occurs at higher strains. If the interfacial adhesion is
assumed to be strong enough to transmit the stress between the constituents, the
contribution of the series branch is added to that of the parallel branch. If two
components of different tensile strengths are coupled in series, the branch is expected to
fail at a stress whichever is the lower one. Thus if TS, < TS, the upper bound assumes

the following form:
1§, = (T51¢1p +TS2¢2p)+ATS2¢S (5.9a)
In the above equation, A is the extent of interfacial bonding. For weak interfacial

bonding, A = 0 and for very strong interfacial bonding, A=1. The experimental values of

the tensile strength of both blends could be fitted reasonably well by the above equation,
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if it was assumed that the PP-oil phase fails earlier than the rubber-oil phase.

Mathematically this implies a modification of the above equation as stated below:

TS, = (IS,4,, + TS,4,,) + ATS, @, (5.9b)
14 T T T T T
¢
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Figure 5.12 Tensile strength of EPDM/PP/oil-TPVs and
SEBS/PP/oil blends. The points represent the experimental
values and the lines represent fits obtained from the EBM model.
The value of A = 1 in both cases.

Results obtained from fitting the modified equation to the tensile strength values are
shown in Figure 5.12. A reasonably good fit is obtained in both cases. Implicitly this

would mean that the PP phase fails earlier than the rubber phase.

5.5.6 Fitting the E-moduli of TPVs and SEBS/PP/oil blends with a Type Il approach,
using Coran’s model

Figure 5.13 shows the E-moduli of TPV blends as calculated from Coran’s
model. The symbols represent the experimentally obtained E-moduli values. Using an
average value of 2.58 for the parameter “n”, a reasonably good fit to the experimental
data was obtained. This is close to the value of 2.63 for the E-moduli of SEBS/PP/oil
blends. According to Coran and Patel® the parameter “n” is related to the particle shape
of the dispersed phase, wetting, molecular interpenetrability, thermodynamic
compatibility, interdomain interface, etc. These authors reported a value of 2 for
EPDM/PP unvulcanized blends and a value of 3.1 for TPVs.
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Figure 5.13 E-moduli of EPDM/PP/QIl - TPVs and SEBS/PP/oil -
blends. The points represent the experimental values and the lines
represent fits obtained from Coran’s model. The value of n = 2.58 for
TPVs, and n = 2.63 for SEBS/PP/oil blends.

The variation of f with volume fraction of PP, ¢, is given in Figure 5.14. Since f
represents the amount of parallel behavior, a value of f higher than 0.5 would indicate a
larger contribution of the series mode as compared to the parallel mode. As shown in
Figure 5.13, for both blend types the value of f is below 0.5 which shows that the load is
predominantly transmitted in series during the measurement of E-moduli and this is
independent of the blend morphology. The change in f with respect to ¢ is greatest
when ¢; is (n-1)/n. According to Coran and Patel,”” this value represents a packing
volume for blends with fixed morphology, and phase inversion for blends with variable
morphology. For both TPVs and SEBS/PP/oil blends the hard phase concentration, ¢4 =
0.61, corresponds to a maximum rate of change in f with ¢,. However, in these blends
there is no real phase inversion, because the morphology of TPVs is fixed after dynamic
vulcanization and for SEBS/PP/oil the co-continuous morphology did not show any
change due to alteration in the blend compositions. Similarly “n” in these systems cannot
correspond to a packing volume of the hard phase, since the hard phase forms the

matrix in both blends. Thus, the physical significance of “n” is not clear from this model.
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Figure 5.14 Variation of parameter f in Coran’s model with volume
fraction of PP phase

5.5.7 Fitting the physical properties of TPVs and SEBS/PP/oil blends with a Type I
approach, using the Takayanagi models

The calculated values of A obtained by fitting the equations (5.6a)-(5.6d) to the
E-moduli of TPV and SEBS/PP/oil blends are given in Tables 5.9a and 5.9b,
respectively. Here it is assumed that the total amount of rubber represents the
amorphous phase and total amount of PP represents the crystalline phase. The volume
fraction of PP reported in the table corresponds to the volume fraction of PP phase in the
ternary blends, calculated while taking into consideration the oil distribution between the
phases. Among the four Takayanagi models, the A values of model (d) approach that of
the PP volume fraction in both ternary blends. This indicates that the PP phase is
mechanically discontinuous and the discontinuous crystalline model (d) is suitable for
explaining the actual modulus of both ternary blends.

Results from applying the above four models to the tensile strength values of
TPVs and SEBS/PP/oil blends are given in Tables 5.10a and 5.10b, respectively. The A
values obtained for the discontinuous model (d) are close to the PP volume fraction in
case of TPVs, but very different from the PP volume fraction in case of SEBS/PP/oil
blends. Thus the model fits very well to the tensile strength values of TPV blends but not
for the SEBS/PP/oil blends. This model has also been suggested for TPVs by Radusch
et al" This difference in fit indicates that the deformation of TPVs is mainly governed

by the PP phase, but in case of SEBS/PP/oil blends the deformation mechanism is also
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very much influenced by the rubber phase. This is in line with the fact that the rubber
phase is dispersed in TPVs, but co-continuous in SEBS/PP/oil blends. The strain
hardening phenomena of SEBS in SEBS-oil blends is also reflected in the stress-strain
plots of SEBS/PP/oil blends.

For both blends, the elongation at break values could not be fitted with any of the

four Takayanagi equations.

Table 5.9a Calculated A values from the Takayanagi model
for E-moduli of TPV blends

1 2 3 4 5
E. (MPa) 353 445 283 237 283
E.(MPa) 398 468 356 258 3.0

Eexpermena(MPa) 50 39 30 17 5

opr) (VOI%) 45 37 36 32 20
Model (a) (%) 8 5 65 42 04

Model (b) (%) 12 7 85 57 05
Model (c) (%) 48 41 395 364 48
Model (d) (%) 462 385 37.3 3349 28

“This represents the volume fraption of the PP phase in the
analogous binary blends (i.e. ¢ pp.o in Figure 5.3)

Table 5.9b Calculated A values from the Takayanagi model
for E-moduli of SEBS/PP/oil blends

1 2 3 4 5
E. (MPa) 353 445 307 261 190
E.(MPa) 369 430 323 229 283

Eowermena(MPa) 60 32 25 13 5

dep) (VOI%) 45 37 36 32 20
Model (8) (%) 10 39 45 256 0.55
Model (b) (%) 146 55 632 354 0.7
Model (c) (%) 47 421 407 38.92 48.38
Model (d) (%) 459 39 37.8 34.38 27.93
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Table 5.10a Calculated A values from the Takayanagi
model for tensile strength of TPV blends

1 2 3 4 5
TS, (MPa) 12 15 11 92 73
TSa(MPa) 072 088 063 04 05
TSexperimena(MPa) 9 32 25 13 5
der) (VOI%) 45 37 36 32 20

Model (a) (%) - - - - -

Model (b) (%) 52.06 60 59.09 65.21 40.52
Model (c) (%) 42.51 34.76 33.79 29.7 15.50
Model (d) (%) 439 36.19 3522 31.29 19.13

A *-* sign implies that the value obtained was not within 0-100 %

Table 5.10b Calculated A values from the Takayanagi
model for tensile strength of SEBS/PP/oil blends

1 2 3 4 5
TS, (MPa) 12 15 105 10 55
TSa(MPa) 61 77 58 52 7
TSewermena(MPa) 12 12 10 7
der) (VOI%) 45 37 36 32 20

Model (a) (%) - - - - -
Model (b) (%) 23.12 1221 19.61 6.15 -
Model (c) (%) - - - - -
Model (d) (%) 28.68 26 20.72 27.61 5

A ‘- sign implies that the value obtained was not within the range
0-100 %

5.5.8 Fitting the physical properties of TPVs and SEBS/PP/oil blends with a Type I
approach using Veenstra model D
The Veenstra D model, which is generally used for co-continuous morphologies,

can also be used as a type Il approach. The model has only one unknown parameters a,
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related to the volume fraction of the phases: equations (5.8e) and (5.8f). In this case "1”
refers to the PP phase and "2” the rubber phase.

Figure 5.15 shows the effective volume fraction of the rubber phase, calculated
from equation (5.8f), as a function of its actual volume fraction. The effective rubber
volume fractions of both the TPVs as the SEBS/PP/oil compounds are all higher than the
actual ones. This effect can be explained by the model used and the properties of the
two phases. In both compound types the PP phase is continuous and its modulus value
is about three decades higher than that of the elastomer phase. However, as can be
seen in the TEM images, the morphology of both compound types does not consist of
equally sized uniformly packed cubes. Thus, there are parts of the two phases that do
not contribute in a continuous way, as described in the model. In the present case, the
PP phase has the highest modulus and parts that are trapped in the elastomer phase do
not contribute in a continuous way. This results in a higher effective volume fraction of
the rubber phase and hence a lower value of the modulus, than expected.

In general, the effective volume fraction is thus a measure for the net mechanical
continuity of the phase with the highest modulus. Both in the TPVs as in the SEBS/PP/oil
compounds the PP phase is partially disrupted. The model results obtained from these
tensile moduli are confirmed by those obtained in the modeling of the dynamic shear

modulus (to be reported separately).!®
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Figure 5.15 The effective volume fraction of the rubber
phase as calculated by the model, ¢, . as compared to the

actual volume fraction ¢,
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5.5.9 Study of the deformation mechanism using cyclic tensile deformation and
microscopy

The modeling of the failure characteristics: tensile strength and elongation at
break, failed for nearly all systems and models. In order to gain additional insight into
possible reasons for this failure, the deformation mechanism of SEBS/PP/oil was studied
with cyclic deformation. These data were further enlarged upon with SEM- and TEM-
data.

A representative stress-strain curve of SEBS/PP/oil blend - BS6 - subjected to
multiple cyclic deformation upto 200% strain is shown in Figure 5.16. Similar curves for
TPV blends and other compositions of SEBS/PP/oil blends are not shown for the sake of
shortness. The first cycle shows a large hysteresis that gradually diminishes with
increasing cycle. This can be explained by assuming that the PP phase buckles upon

unloading resulting in plastic deformation. It indicates that PP phase suffers plastic

14 T T T T 18 T T T T
16
| 14 .
12
€ 10] i
/ . @ 89
/ 9 -
4 U &% 64
o’ B 4 |
[ 2]
077 50 100.150.200.250 o--———Y¥——7——7 7
Strain (%) 0 50 100 150 200 250 300 350
Strain (%)
Figure 5.16 Stress-strain curve of the Figure 5.17 Stress-strain curve of the
28/33/39 wt.-% SEBS/PP/oil blend subjected 28/33/39 wt.-%  SEBS/PP/oil  blend
to multiple cyclic deformations at a fixed subjected to multiple cyclic deformations.
strain of 200 %. The strain is increased by 50% after each
cycle.

deformation at low strains but it does not give evidence that it becomes discontinuous at

strains larger than 100%.""
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Fig 5.17 shows stress-strain plots of the sample subjected to multiple cyclic
deformations. The amount of strain is increased by 50% after each cycle. The hysteresis
loop after every step increase in strain does not decrease. This indicates that the PP
phase does not fail even at strains as high as 300%. Thus, the deformation of the PP-oil
phase in ternary blends is different from the deformation mechanism of neat PP or PP-oil
binary blends.

Microscopic attempts to study the deformation of the PP and rubber phases in
these blends are not conclusive either. Both materials show multiple holes with
increasing deformation. A TEM image of the SEBS/PP/oil blends obtained after tensile
failure at 600% shows deformed polystyrene and PP domains. These images indicate
that both phases are deformed during tensile tests. During tensile deformation lots of

defects are generated which can lead to catastrophic failure: Figure 5.18
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Figure 5.18 (a), LVSEM images of the TPV blend

having composition B6 at 100 and 200% strain; (b),
LVSEM images of SEBS/PP/oil blend having
composition B6 at 100 and 200% strain; (c), TEM
image of SEBS/PP/oil after failure.
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5.6 DISCUSSION
5.6.1 Deformation of the PP-oil phase

The question may be raised whether the deformation behavior of the PP-oil
phase in the ternary blends is similar to the deformation of PP-oil model blends. An
indication of the micro mechanics of the deformation process can be obtained from the
studies of Lee." Since PP is a semicrystalline material, it consists of crystalline and
amorphous regions. Its yielding and necking behavior is associated with orientation of
both crystalline and amorphous regions. The strain-hardening phenomenon is however
mainly dominated by molecular orientations in the amorphous regions. It is not until very
large strains, where the amorphous chains are nearly stretched to their maximum, that
the crystallographic texture begins to significantly contribute to the strain hardening.
Using IR dichroism experiments it has been proved that the presence of oil in the
amorphous regions of PP delays the molecular orientation of PP chains.['"”! This explains
the fact that the onset of strain hardening is visible only in pure PP and PP with 5 wt.- %,

oil but not in other samples.

5.6.2 Deformation of the rubber-oil phase

A comparison of Figures 5.4-5.6 shows that the deformation behavior of rubber-
oil blends is very different from that of the PP-oil blends. There are also differences
between SEBS-oil and vulcanized EPDM-oil blends. The former blends exhibit much
more pronounced strain-hardening as compared to the later.

The micromechanics of the deformation behavior of these rubber-oil blends has
not been reported, but there are similar studies done on styrene-butadiene-styrene block
copolymers (SBS).'"! Based on these studies, an explanation of the higher tensile
strength and strain hardening of SEBS-oil blends as compared to vulcanized EPDM-oil
blends can be obtained. At low strains, the soft ethylene-butylene chains are stretched
and the polystyrene domains remain intact. These domains behave as crosslinking
points. At higher strains agglomerates consisting of clustered SEBS domains of 1-5um
are deformed. Since the modulus of polystyrene is much higher than that of the
ethylene-butylene regions, the deformation requires much larger stress which is
reflected as an abrupt increase in the stress-strain curve. The strain hardening effect
may also be due to orientation of the polystyrene domains.!""! Deformation of polystyrene
domains in SEBS block copolymers during tensile tests has been observed in electron

micrographs: see Figure 4.25. A higher resolution image showing deformation of
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polystyrene domains of SBS is reported by Gergen et al.l'! The tensile failure is due to
failure in polystyrene domains. Therefore it is reasonable to state, that the high tensile
strength of SEBS-oil blends is due to the clusters formed by polystyrene domains that
act in a way similar to reinforcing filler particles in conventional vulcanizates. This also
explains, why the tensile strength of SEBS-oil blends shows a linear correlation with the
amount of oil which, being paraffinic of nature is not likely to dissolve in the aromatic
polystyrene domains. The delay in the onset of strain hardening may mean that oil
reduces the orientation of both phases in SEBS, which is an effect similar to what was

observed for the PP-oil blends.

5.6.3 Modeling

As seen in the results section, the E-moduli of the blends could well be predicted
using Coran’s model, Kolarik’s model, the Veenstra D model and one of the Takayanagi
model. Since these models assume a certain degree of oil distribution between the
rubber and PP phase it is clear that the E-moduli of these blends are dependent on the
oil distribution between the components. The models were not correlated to
morphological parameters such as particle size of the EPDM phase or the degree of co-
continuity of the SEBS phase. This is because of two reasons: (1) the E-modulus values
of the TPVs and SEBS/PP/oil blends were close, which proves that morphology does not
correlate strongly with the E-modulus; (2) the particle size of the TPVs showed a wide
distribution. The models were not successful in predicting the tensile strength - except
for the modified Kolarik model - and elongation at break values. A reason for this could
be a difference in the behavior of the PP-oil phase in the ternary blends from neat PP-oil

blends. This is further explained below.

5.6.4 Deformation behavior of the PP-phase in the ternary blends

Figure 5.19, shows a comparative stress-strain plot of PP-oil, SEBS-oil and
SEBS/PP/oil blends. The oil content in the binary blends is close to the actual amounts
in the PP and SEBS phases in the ternary blend. The large difference in the elongation
at break of PP-oil and rubber-oil binary blends and the good fit obtained by modifying the
Kolarik’'s model to the tensile strength suggests that the failure in ternary rubber/PP/olil
blends results from failure of the PP-oil phase. If this happens at low strains, as
suggested by the elongation at break values of the PP-oil blend, it should result in a

disruption of the continuity of the PP phase in both blends. In case of SEBS/PP/oil
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blends, the SEBS phase while being continuous will stretch the dispersed PP phase

during deformation.

28/33/39 wt.-%
SEBS/PP/oil

SEBS-oil (50-50 wt.-%)

T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900
Strain (%)

Figure 5.19 Comparative stress-strain plots of PP-oil, SEBS/PP/oil and SEBS-oil blends.

However, the results from cyclic tensile deformation studies indicate that the continuity of
PP phase is not lost during deformation of the ternary blends. Microscopic evidences of
the existence of dispersed PP domains in the rubber phase were negative. In addition,
finite element analysis studies reported by Boyce et al.!"® indicate that the majority of the
PP phase remains below its elastic limit during the deformation of TPVs.

Further, from failure mechanics of polymers, it is a known phenomenon, that
lowering the sample thickness enhances ductility due to a “Plane strain-Plane stress”
transition.”” The critical thickness below which the polymers undergo a transition from
brittle failure to ductile failure has been modeled by Brown.?" The PP-interstices in both
blend systems obviously are far thinner than the pure PP-samples investigated here. All
these evidences suggest, that the deformation behavior of the PP phase in these ternary
blends is different from that of pure PP and so, any direct composite averaging method

to model the deformation behavior of these blends is due to fail.

5.7 CONCLUSIONS

This study aimed at explaining the stress-strain properties of ternary TPV blends
and SEBS/PP/oil blends on the basis of the properties of the constituent phases and oil
distribution. It was assumed that, provided the same two components are involved, only
their volume fractions determine the resulting properties. Several models for predicting

the properties of binary polymer blends were used for this purpose. The E-moduli of the
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blends can reasonably well be fitted by many of the empirical models. This property is
determined in the linear regime of the stress-strain curves, the part where the initial
morphology is still intact. The closest fits (Davies, Coran, Takayanagi, Veenstra D and
Kolarik) are the ones which employ (partially) parallel connection of the two phases. The
other models that failed (Veenstra A and B, Halpin Tsai, series and parallel) are
characteristic for dispersed morphology. The fits suggest that the volume fraction of the
elastomer phase is so high, that the particles can touch each other and form
agglomerated or network like structures.
The fitting of the E-moduli suggests that the properties of the two blend systems at low
strains are mainly composition-dependent. So it is not surprising that, although they
have different morphologies, the properties are similar at equivalent compositions. The
fit of the E-moduli works for both cases because:

- in both cases the PP phase is continuous and is the stiffer phase;

- in TPVs the particles can touch each other and form an agglomerated

(continuous) network: it behaves as if it is continuous.
Models that have a combination of serial and parallel connections represent this dual
phase continuity. When the models were applied to elongation at break values, poor fits
were obtained. This shows, that it is not possible to model these properties purely on the
basis of composite averaging methods. This can be due to two reasons: a) lack of
parameters in the model, which relate to sample morphology; the models ignore the
morphological changes occurring during deformation; b) the failure of binary oil blends is
different from that of ternary blends. In Chapter 4 of this thesis it is reported that the
particle sizes and interparticle distances change with composition. The properties are
affected by the morphology of the system, i.e. by the juxtaposition and shape of the
individual components in space, and how they are bonded together. The basic difficulty
is, that one does not know a priori how stresses and strain are transmitted through the
system, especially at high strains. Nevertheless, the results show that apart from
morphology, blend composition and method of preparation, respectively the oil
distribution between the PP and rubber phase also determine the stress-strain properties

of these blends.
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Chapter 6

Effect of mixing times and evolution of blend morphology in
EPDM/PP/0oil-TPVs and SEBS/PP/oil-TPOs during compounding
in a twin-screw extruder and internal mixer

This chapter reports the effect of mixing times on the morphology development of EPDM/PP/oil-TPV's
and SEBS/PP/oil-TPOs during compounding in an internal mixer and a co-rotating twin-screw extruder.
Samples were collected after mixing for different times in both equipments and immediately frozen for
microscopic analysis. To study the morphology development in the twin-screw extruder, ‘screw pullout’
experiments were used.

Co-continuous morphology was observed for EPDM/PP/oil TPV blends before addition of phenolic
resin in the internal mixer, which “phase-inverted” to a dispersed morphology within a few seconds after the
addition. The morphology development of TPVs in the twin-screw extruder occurred within the first kneading
block. No co-continuous EPDM/PP phase could be detected in this case. The crosslinked EPDM particles
broke down into smaller aggregates on further mixing in both equipments. The experiments showed that in
TPVs, the mixing time or screw configuration had negligible effects on the EPDM particle size after dynamic
vulcanization.

Similar to the TPVs the process of morphology development in SEBS/PP/oil blends was also very
rapid, both in the internal mixer and twin-screw extruder. However, the morphology so developed is less
stable. The SEBS phase showed coalescence with increasing mixing time in both types of mixers. The screw
pullout experiment in the twin-screw extruder showed that the dynamic equilibrium between coalescence and
breakup of SEBS-particles shifted to increasing coalescence at the transporting blocks, respectively towards
increasing breakup at the kneading blocks. The results are explained on the basis of two factors: a) the
temperature effect on the viscosity ratio; b) shear versus elongational flow of the melt at different screw
elements.

The stress-strain properties of the blends are however not influenced by the variations in mixing time

in the internal mixer or residence time in the twin-screw extruder.

Part of this chapter was presented by the author as an oral presentation at the International Rubber conference

2004, June 1-4, Moscow.
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6.1. INTRODUCTION

Mixing equipments like the internal mixer and co-rotating twin-screw extruder are commonly
used in preparation of TPVs and SEBS/PP/oil blends. The influences of these mixing equipments on
the morphologies and properties of these blends were presented in Chapter 4. TPVs made in the
twin-screw extruder had a wider particle size distribution than the TPVs made in the internal mixer.
In case of SEBS/PP/0il-TPOs, for high PP compositions, the blends made in the internal mixer had a
higher degree of co-continuity than the blends made in the twin-screw extruder. It was suggested
that the narrower particle size of the EPDM-phase in TPVs is related to a higher total shear strain in
the internal mixer. The higher degree of co-continuity of the SEBS phase in TPOs is because of
more coalescence between the SEBS particles in the internal mixer. Both these effects were
considered to be the result of higher residence times in an internal mixer as compared to a twin-
screw extruder.

The basic objective of this chapter is to further explore the effect of mixing times on the
morphology of EPDM/PP/oil-TPVs and SEBS/PP/oil-TPOs during compounding in these two mixing
equipments. To go a step further, the evolution of morphology during blending is studied. Since
conditions of mixing: temperature, shear rate, melt flow pattern and feeding process are entirely
different in an internal mixer from a co-rotating twin-screw extruder, it would be interesting to see if
the morphology taken at different stages of mixing in these two types of equipment is different.
Although comparative informations on other blend systems are available in the literature!™ a
generalized model for this subject is yet to be developed. This is because there are many factors
that can alter the morphology of an immiscible polymer blend and what is true for one blend might
not hold for the other. Some of these factors are: (1) temperature, (2) mixing time, (3) rotor speed,
(4) screw configuration, (5) blend composition, (6) viscosity ratio, (7) elasticity ratio, (8) interfacial
tension. Another serious handicap is the lack of suitable characterization methods that can visualize
the morphology in-situ.

As already mentioned, the primary focus of the present chapter is to investigate the
morphological changes that occur during preparation of thermoplastic elastomer blends in an
internal mixer and a twin-screw extruder. Previous works in this area have shown that the
morphology develops very fast. In order to study the initial phase of morphology development,
suitable sampling devices are necessary that can directly collect the samples during mixing.”® The
collected sample must be immediately frozen in order to preserve the morphology. Due to
experimental limitations we used traditional sampling techniques to study the morphology
development: stopping the internal mixer at different times or pulling out the screws after a certain
time during twin-screw extrusion. Due to limitations of these methods, we were not able to detect the
initial morphological changes that develop within the first few seconds of mixing. In our experiments

we were rather interested in the secondary changes in morphology occurring due to effects of
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temperature, screw configuration and flow patterns in the two sorts of mixing equipment. These
secondary changes are more related to the mechanical properties of the polymer blends as
compared to the initially developed morphology.

In the present chapter, first, the influence of mixing time in the internal mixer on the final
morphology is presented. These samples also represent the morphology development in the internal
mixer. In the twin-screw extruder, effects of mixing time and morphology development are studied in
separate experiments. To study the effect of residence time in the twin-screw extruder, the polymers
are compounded over the full length, half-length and 1/3™ of the length of the screw and the
morphology studied for samples collected at the die. In this way the influence of screw configuration
and residence time are both taken into consideration. The morphology at different positions of the
screw along the screw axis are studied using screw pullout experiment. In addition, the stress-strain
properties of the samples obtained at different mixing times from the internal mixer and at different

residence times in the twin-screw extruder are reported.

6.2. THEORY

The fundamental principle behind the process of morphology formation in a blend of two
immiscible polymers lies in their interfacial tension and viscoelastic properties. The deformation and
breakup of droplets of one fluid dispersed in another have been extensively studied and reviewed by
Jansen and Meijer.!”) The basic principles governing droplet deformation date back to the pioneering
work of Taylor, who uncovered most of the features of Newtonian drop deformation and burst."®! The
breakup of a droplet can occur if the viscous forces acting on the droplet are stronger than the
interfacial forces for a sufficient amount of time. The ratio of stresses that elongate the droplet, to the
interfacial tension that keeps the droplet spherical, is defined by the capillary number: «.

K=—o (6.1)
v

where o is the stress, D is the initial drop diameter and v is the interfacial tension. The condition for
droplet deformation leading to breakup is, that the capillary number x must be larger than a critical
capillary number «. In shear, the critical capillary number is a strong function of the viscosity ratio

defined as:

A=n,/n, (6.2)
where ng4 is the viscosity of the dispersed phase and ny, is the viscosity of the matrix. The critical
capillary number is minimum and approximately equal to 1 for & = 1.*! For a viscosity ratio larger
than 1, x increases rapidly with A and becomes infinite for A > 3.8.1"" This means that breakup of a

droplet in shear becomes impossible for A > 3.8. The value of « is lower and less dependent on the

viscosity ratio in stronger flow fields or in elongation.'" Internal mixers and twin-screw extruders
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usually provide a mixture of shear and elongational flows. In twin-screw extruders, shear is the
predominant deformation mode in conveying elements, while both shear and elongation are present
in mixing elements such as kneading blocks.

The mechanism of drop deformation and breakup in polymers is more complex than
deformation of Newtonain droplets as described above. Due to their viscoelastic nature, polymer
droplets also experience deformation-resisting forces arising from elasticity."® In a simple flow field,
there is a minimum drop size below which breakup cannot be achieved.™ Wul' obtained a
correlation relating capillary number to viscosity ratio for twin-screw extruded blends and suggested

the following equation for the final particle diameter, D:

4Uﬂi0.84
D= ;

77 m }/

(6.3)

where the (+) sign in the exponent applies for A>1 and the (-) sign applies for A<1. v is the

interfacial tension, nn, is the viscosity of the matrix, y is the shear rate and A is the viscosity ratio

(eq. 6.2). Van Oene developed a relation for the dynamic interfacial tension uv,, between the

dispersed and matrix phase:

D
Uy = Uloz + (E)[Nz,d - N2,m] (6.4)

where 0102 is the interfacial tension in a quiescent polymer blend, N, 4 is the second normal stress

difference of the dispersed phase, and N, is the second normal stress difference of the matrix
phase.

Coalescence of droplets can occur during morphology development, especially if the
dispersed phase has a high concentration. Coalescence is caused by collision of droplets, which
can be flow-driven!® or static — caused by annealing. The relative importance of the two types of
coalescence can be estimated based on Peclet number: P, the ratio of external flow, to the
movement due to Brownian motion, where D and p are the particle diameter and diffusion

coefficient, respectively. Flow-driven coalescence dominates when P, >>1.1'®l

P.=D*yl u (6.5)

The processes of break-up and coalescence are in dynamic equilibrium during the process
of morphology evolution. The equilibrium may shift from one process to the other, depending on
“strong” and “weak” mixing zones present inside the mixer.['”! The “strong” mixing zones represent

the region in the mixer where high deformation rates are present. The droplets deform into long
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threads until the capillary number equals 1. Coalescence does not occur in this region due to a short
collision time of the droplets. The ‘weak’ zones represent the more or less quiescent zones in the
mixer. The droplets will not deform here into threads, because the deforming stress is much lower
than the interfacial stress. These regions stimulate higher coalescence.

The mechanism of morphology development in dynamic vulcanizates and SEBS/PP/oil -
TPOs is based on the principles of particle break-up and coalescence illustrated above. Several
authors have investigated the process of morphology development for TPVs made in an internal

r'"8 but the process of morphology development in twin-screw extruders is still not clear. It has

mixe
been reported, that the morphology before the addition of crosslinking agent is largely co-
continuous. Once the vulcanization process begins, the rubber phase becomes highly viscous but
the thermoplastic matrix viscosity does not change. The viscosity ratio increases to a value at which,
theoretically, droplet breakup is impossible in conventional shear flows. As the rubber particles cure,
they undergo shrinkage. The shrinkage of these particles in combination with shear and elongational
flows causes a phase inversion, resulting in dispersion of rubber domains in the thermoplastic
matrix.

Comparable information on the morphology development in SEBS/PP/oil blends does not
exist. The stability of the end morphology of these blends has been investigated by Verhoogt!'® and
later by Veenstra.”® These blends were reported to exhibit co-continuous morphologies in a wide
range of compositions. Formation of co-continuous morphologies in other polymer blends such as
polyethylene (PE) and polystyrene (PS) has been investigated by Willemse.”"! In contrast to the
work of previous investigators, his results prove that co-continuous morphologies can be obtained
for a large range of compositions rather than for a single blend composition. The mechanism of
morphology development in PE/PS blend was similar to that proposed by Scott and Macosco???*.
According to this mechanism, morphology development begins with the formation of sheets or
ribbons of the dispersed phase in the matrix. Owing to the effects of flow and interfacial tension,
these sheets are unstable and holes begin to form. The holes are filled with matrix phase, which
surrounds the sheet on either side. When the holes in the sheet or ribbon attain a sufficient size and
concentration, a fragile lace structure is formed, which begins to break into irregularly shaped pieces
due to flow and interfacial forces. These pieces are approximately the diameter of the particles that
are generated in the blend at long mixing times. According to these authors this proposed

mechanism results in the generation of very small particles at very short timescales.
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6.3. EXPERIMENTAL
6.3.1 Materials

The grades of polymers used in these experiments are the same as described in Chapter 4.
The recipe used for the preparation of TPV and SEBS/PP/oil blends are shown in Tables 6.1 and
6.2.

Table 6.1: Compounding recipe for EPDM/PP/oil - TPVs

Components Composition
(Parts per
hundred rubber,

Phr)

EPDM, Keltan P597° 200

PP, Stamylan P11E10 80

Extra Qil, Sunpar 150 40

Phenolic resin, SP 1045 5

Stannous chloride dihydrate 1

Zinc oxide 25

Irganox1076 0.5

Irgafos 168 0.5

"Contains 50 wt.-% of paraffinic oil

Table 6.2: Compounding recipe for SEBS/PP/oil

blends

Components Composition
(Phr)

SEBS, Kraton G 1651 100

PP, Stamylan P11E10 120

Qil, Sunpar 150 140

Irganox 1076 0.5

Irgafos 168 0.5
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The recipe used for TPVs corresponds to the center point of the experimental design — composition
“5” - as shown in Figure 4.1. For SEBS/PP/oil blends however, the composition “6” of Figure 4.1 was
selected, because at that composition the SEBS/PP/oil blend has shown maximum differences in

the degree of co-continuity as a result of mixing in different equipments.?°!

6.3.2 Mixing process and sample collection procedures

6.3.2.1 Effect of mixing time on morphology development of TPVs in the internal mixer.-

The process variables, viz. the feeding procedure, rotor speed and temperature settings,
used for the preparation of the TPVs were the same as described in Chapter 4. At 80 rpm the
maximum shear rate in the mixer was 140 s™'. This was calculated on the basis of rotor speed, the
gap between the rotor tip and the mixing chamber wall.

The blends were compounded for 300, 360, 420, 450 and 720 seconds of mixing. The
sampling points are shown in the Figure 6.1. Time zero corresponds to the end of feeding the PP
pellets to the mixer. The phenolic resin was added after 360 s in each case. So the first sample was
taken before the addition of the resin and the second sample was taken immediately after adding
the resin. After the specified time of mixing, the internal mixer was stopped and the mixer was
opened. Samples attached to the rotors were pulled off with a set of pliers and dropped directly into
a bath of liquid nitrogen to freeze the morphology. The time required between stopping the mixer
and dropping the sample in liquid nitrogen bath was 10 to 15 s. The sample morphology was
examined with TEM using the procedures described in Chapter 4. Further, the samples were
compression molded into 2 mm sheets and their tensile stress-strain properties, and plastic

deformations during cyclic tests were investigated.
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Figure 6.1 Sampling points for studying the effect of mixing time and mechanism of morphology
development for TPVs made in the internal mixer.
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6.3.2.2 Effect of residence time on morphology development of TPVs in the twin-screw extruder.-

Melt blending of EPDM-0il/PP and extra oil was conducted using a Berstorff (ZE 25 x 33 D)
co-rotating twin-screw extruder. The oil was previously premixed with the rubber on a
Schwabenthan two-roll mill. The EPDM-oil premix was subsequently pelletized in a pelletizer. All the
compounding ingredients, including phenolic resin and stannous chloride, were then prepared as a
dry mix. This mix was then fed to the extruder at a constant rate. To investigate the effect of different
residence times the feeding port was chosen in such a way, that the materials are compounded over
the full length, half-length and 1/3™ of the length of the screw: Figure 6.2. At the end of the extruder
a 2-hole strand die was attached. The screw speed was set at 150 rpm and the throughput was 4
kg/hr. The temperature used was 170°C at the feeding port and 200°C throughout the rest of the
barrel. Samples meant for studying the end morphology of TPVs due to variation in mixing time
were collected from the die exit.

To investigate how the morphology develops inside the screw, the compounding ingredients

were fed through the first port. Once the extrusion reached a steady state, the extruder was shut

Port 3 Port 2 Port 1

Figure 6.2 Picture of the twin-screw extruder, showing the feeding ports.

down. Immediately the screws were taken out and placed on iron stands. Samples were quickly
picked up using pliers at different positions of the screw and quenched in liquid nitrogen. The

complete process took about 2-3 minutes. The morphology was subsequently studied using TEM.

6.3.2.3 Effect of mixing time on morphology development of SEBS/PP/oil blends in the internal
mixer.-

The process variables, viz. the rotor speed and temperature settings, used for the
preparation of SEBS/PP/oil compositions were the same as described in Chapter 4. The PP and the
stabilizers were added together with the preblend of SEBS/oil into the hot mixer. Samples were

collected after 60, 120, 180, 300 and 1200 s of mixing: see Figure 6.3 for sampling points. Time zero



Chapter 6 135

corresponds to the end of feeding the premixed pellets to the mixer. The sample morphology was
examined with TEM using the procedures described in Chapter 4. In addition, the degree of co-
continuity of the SEBS phase in the samples was studied using a solvent extraction method also
given in Chapter 4. Further, the samples were compression molded into 2 mm sheets and their
tensile stress-strain properties, compression set and plastic deformation during cyclic tests were

investigated.
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Figure 6.3 Torque-temperature-time graph of SEBS/PP/oil blends in
the internal mixer.

6.3.2.4 Effect of residence time on morphology development of SEBS/PP/oil blends in the twin-
screw extruder.-

The SEBS was first dry blended with the oil at room temperature. The other ingredients, PP
and stabilizers, were dry mixed with the oil extended SEBS to obtain all ingredients in a dry mixed
state. The SEBS/PP/oil mixture was then fed through different ports of the twin-screw extruder to
vary the residence time. Samples were collected at the die exit for TEM and stress-strain analysis.
To study the morphology at different positions of the screw, the experimental procedures were

exactly similar to that described for TPVs.
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6.4. RESULTS
6.4.1. Effect of mixing time on morphology evolution of TPV blends in the internal mixer
Figure 6.4 shows the effect of mixing times and the evolution of morphology in TPV blends

during mixing in the internal mixer. The temperature profile during mixing, the torque-time graph and

the times at which the samples were collected are shown in Figure 6.1. In images shown in Figure

(a) (b)

500 nm

(c) (d)

500 nm

500 nm

Figure 6.4 TEM images of TPV samples collected at
different mixing times from the internal mixer. (a), 300 s;
(b), 360s; (c), 420s; (d), 450s; (e), 720 s. The first sample
was collected before adding the crosslinking agent.

500 nm
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6.4, the black regions represent the EPDM phase and the other phase is PP. The oil is distributed
over the two phases and is not visible in the images. The TEM image of the sample collected after
300s of mixing shows co-continuous EPDM- and PP-phases. This is seen from the interconnected
ribbon-like structures of the EPDM-phase that extend throughout the PP-phase. After addition of the
crosslinking agent, the co-continuous morphology changes to dispersed phase morphology. The
TEM image obtained at 360s of mixing shows dispersed EPDM-phases. The EPDM-phase is broken
up into irregular shaped domains. The domains are still somewhat interconnected and at some
places appear to be at the point of breakdown. No significant differences in the images obtained
after 360s can be detected anymore. The only visible change is still a slight improvement of the
spatially homogeneous distribution of EPDM rubber particles with increasing mixing time. Image
analysis, however shows a gradual narrowing of the particle size distribution with increasing mixing

time.

6.4.2. Effect of residence time and screw configuration on morphology evolution for TPV

blends in the twin-screw extruder

Port 3 Port 2 Port 1

- L
T it s aml o] wwel o S ) ] Y vy -y siemw] Wy o) ) )

F i ot st vt st ) ol of f s0f sf ikl ) i o f

Figure 6.5 Effect of residence time on the morphology of TPV blends made in the
twin-screw extruder. (a), 1/3" of the length of the screw; (b), half-length of the screw;
(c), full length of the screw.
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Figure 6.5 shows the TEM images illustrating the morphology of the EPDM/PP/oil TPVs as
obtained after mixing for different mixing histories in the twin-screw extruder. After 1-2 minutes of
mixing, resulting from feeding at port 3, the EPDM-phase is coarsely distributed in the PP-matrix,
giving an impression of a wide particle size distribution. This is due to lack of kneading blocks or
insufficient time of mixing. The TPV blend prepared using the half-length of the screw shows a
comparatively more homogeneous particle size distribution, expected to result from the longer

mixing time. Particle sizes are about 2-4 um. No significant changes in the particle size of EPDM

(D) (C) (B) (A)

S o o S S o e R e B o il
f s dlarons] wif wh wf gt ord w1 o] i Wi e f wef 10} h ad it gt i) ph g ey
"y ’

(G) (F) (E)

Figure 6.6 The evolution of morphology in a EPDM/PP/oil TPV blend during compounding in a twin-screw
extruder: (A), at the front end of the screw near the feed hopper; (B), near to point A; (C), first kneading
block; (D), after the first kneading block; (E), after the second kneading block; (F), at the third kneading
block; (G), at the tip of the screw just at the die entrance.
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were detected using the full length of the screw. This result shows that the morphology of TPVs
develops very fast. The morphology so developed is fixed after dynamic vulcanization, i.e. it does
not change further.

Figure 6.6 shows TEM images illustrating the morphology evolution of the EPDM/PP/oil TPV
blends along the extruder axis and a picture of the screw showing the positions from where the
blend specimens were taken after ‘screw pullout’. Visual examination of the sample taken at position
A shows partially molten PP and EPDM-granules. The morphology at position A is underdeveloped,
as expected. The TEM image shows rubber particles as large as 10-15 um, poorly distributed in the
PP matrix. The image taken at position B, which is three threads to the left of position A, shows
elongated EPDM-domains. Although the screw configuration is the same as in position A, the
EPDM-domains are smaller in size than those observed at position A. The particle size of EPDM
decreases further at the first kneading block: position C. At this position, the EPDM-particles are
clearly seen to be dispersed in the PP-matrix. So the phase inversion is complete. No significant
changes in particle sizes of the EPDM-phase are observed anymore in TEM images obtained at
positions D, E, F and G. These results show that the morphology of TPVs in the twin-screw extruder

is already developed at the first kneading block and remains unchanged over the rest of the screw.

6.4.3 Comparative study of the morphology development of TPVs in the internal mixer and
twin-screw extruder

The sequence of morphology development for TPVs made in the internal mixer is similar to
that reported by others."?”l A comparison of the morphology development for EPDM/PP TPVs
prepared in the internal mixer and the twin-screw extruder shows several interesting features. The
morphology development is very fast in both types of equipment. In the internal mixer it occurs
within one minute after the addition of the crosslinking agent. In the twin-screw extruder it occurs at
the first kneading block. One important difference between the two equipments is the feeding
procedure. In the internal mixer the PP and EPDM was premixed to a certain degree of mixing
before the resin was added. On the other hand, in the twin-screw extruder all the ingredients
including the resin were added together. This explains why a co-continuous EPDM/PP morphology
was observed in the internal mixer before adding the resin, but not in the twin-screw extruder. In
spite of differences in the mixing conditions, in the melt flow mechanism and melt temperatures in

the two equipments, the final morphology of the TPVs is found to be the same in both types of
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equipment. The particle size distribution of the TPV blends made in the internal mixer and twin-
screw extruder after different mixing times are shown in Figure 6.7 (a)-(d). Most particles are less
than 3 um irrespective of the blend preparation method used. A comparison of percentage of the
number of particles- Figure 6.7(a) and (b) - indicate that there is a gradual diminishing of particle
size in either machine, till overall somewhat smaller in the internal mixer. The percentage of particles
with a particle size less than 1 um is higher for the internal mixer as compared to the twin-screw

extruder. This difference in EPDM particle size distribution is in agreement with what was observed
in Chapter 4.

(a) (b)
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Figure 6.7 Relative comparison of EPDM particle size distribution in TPV blends (a), made in the
internal mixer; (b), made in the twin-screw extruder. If instead of number of particles, the surface areas
of the particles are calculated, a different distribution is obtained. Plots (c), made in the internal mixer;
(b), made in the twin-screw extruder

However if the surface area covered by these particles are taken into consideration a
different picture is obtained - Figure 6.7(c) and (d). In this case the particle-size distribution is more

narrow in the twin-screw extruder using the full length of the screw as compared to the
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corresponding blend in the internal mixer mixed for 720s. Thus, although the average particle size

might be smaller in the internal mixer, the mixing is more homogenous in the twin-screw extruder.

6.4.4 Effect of mixing time on morphology evolution of SEBS/PP/oil blends in the internal

mixer

Figure 6.8 illustrates the evolution of the morphology of the SEBS/PP/oil blend during mixing

(c)

Figure 6.8 TEM images of
SEBS/PP/oil samples collected at
different mixing times from the
internal mixer. (a), 60s; (b), 120s;
(c), 180s; (d), 300s; (e), 1200s.

in the internal mixer. The temperature profile during mixing and the corresponding torque-time graph
showing the sampling points, is given in Figure 6.3.

At the beginning cold pellets are added to the hot mixer and the mixing torque rises rapidly.
The torque then falls as the temperature increases and the polymers soften. After about 400 s, the
torque levels off at a reasonably constant value. A visual examination of the sample collected after
60s of mixing shows, that part of the preblend comprising SEBS and PP pellets is still not completely
molten. The corresponding TEM image (Figure 6.8a) shows separate SEBS-rich and PP-rich
regions, confirming poor mixing between the two polymers. After 120 s of mixing, visual examination
shows no signs of pellets anymore. The corresponding TEM image shows several SEBS domains

ranging from 0.1-0.2 um, distributed in the PP matrix. This is the result of extensive particle break-
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down. No significant changes in morphology are observed anymore after 180 s and 300 s of mixing.
The TEM image after 1200 s of mixing shows several SEBS domains with phase sizes similar to
those observed after 300 s. Also some SEBS domains are seen, which are significantly larger than
the average, possibly due to coalescence: see later. The TEM images shown are not sufficient to
determine whether the SEBS phase is continuous or dispersed in the PP matrix. This is a
disadvantage of TEM and is discussed in Chapter 3. The TEM images were supplemented with
LVSEM experiments after solvent extraction. Two representative LVSEM images are shown in
Figure 6.9. In these images the holes correspond to the extracted SEBS and oil phase. These
solvent extraction studies showed that the PP phase was continuous in all blends. All the blends
were found to be co-continuous to different degrees, Table 6.3: much more than seen for the TPVs:
Figures 6.4-6.6.

Table 6.3: The degree of co-continuity of the SEBS phase in SEBS/PP/oil
blends obtained at different mixing times in the internal mixer.

Time (s) 60 120 180 300 1200
Degree of co-continuity (%) 60 90 95 100 100
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Figure 6.9 LVSEM of SEBS/PP/oil blends from which the SEBS/oil phase has
been extracted: (A), after 60 s; (B), after 1200 s.

The above results show that the mechanism of morphology development for SEBS/PP/oil blends in
the internal mixer is also rapid, similar to the TPVs. The SEBS/PP/oil blend shows co-continuity
already after 120 s of mixing. This shows that the phase inversion from a dispersed SEBS phase to
a continuous SEBS phase is very rapid. The co-continuous morphology developed after 120 s
mixing is found to be stable, even till 120 s of mixing possibly due to equilibrium between particle
breakup and coalescence. The reason for increasing coalescence of the SEBS phase with increase

in mixing time will be discussed later.
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6.4.5 Effect of residence time on morphology evolution of SEBS/PP/oil blends in the twin-
screw extruder
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Figure 6.10 Effect of residence time on the morphology of SEBS/PP/oil blends made in the twin-screw
extruder. (a), 1/3" of the length of the screw; (b), half-length of the screw; (c), full length of the screw.

Figure 6.10 shows TEM images illustrating the morphology of SEBS/PP/oil blends as
obtained after mixing for different residence times. After 1-2 minutes of mixing, resulting from mixing
over 1/3" of the screw-length, the SEBS phase shows an inhomogeneous distribution of domain
sizes. This is due to the lack of kneading blocks in this region or still too little time for proper mixing.
Compounding the same polymers over %2 - screw-length, which corresponds to about 4 minutes of
mixing, results in extensive breakdown of the SEBS domains. This shows, that the polymers now
had enough time for good dispersive mixing. Using the full length of the screw, corresponding to
about 6 minutes of mixing, the SEBS phase again shows signs of coalescence. This result is similar
to what was observed after 1200 s mixing in the internal mixer.

Figure 6.11 depicts the evolution of morphology in the SEBS/PP/oil blend along the screw-
axis in the twin-screw extruder. Visual examination of the sample collected at feed position A shows

that a part of the preblend comprising of SEBS and PP pellets is still not completely molten.
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Figure 6.11 The evolution of morphology in the SEBS/PP/oil blend during compounding in a twin-screw
extruder: (A), at the front end of the screw near the feed hopper; (B), near to point A; (C), near to the first
kneading block; (D), at the first kneading block; (E), in between the first kneading block and dispersion block;
(F), in between the first and second dispersion block; (G), at the third dispersion block; (H), at the tip of the
screw, just at the die entrance.

The TEM image of the sample collected at this point shows large SEBS domains poorly distributed
in the PP. At few threads further down the twin-screw extruder, position B, the morphology looks
already different. Visually the samples look molten. In the TEM images obtained from these
positions a lot of SEBS domains are observed smaller in size (0.5-1 um), than seen at position A.
This shows, that the SEBS phase is broken up as it passes through the transporting blocks. At the
entry of the kneading block, position C, and at the exit of the kneading block, position D, the SEBS
phase experiences extensive break-up. However, a TEM image taken from samples collected at
position E, shows larger SEBS domains than observed at position D. This shows, that the SEBS
phase does coalesce during transport from D to E. As the melt passes to position F, which is also a

kneading block but much shorter than that at position D, we again see particle break-up. The SEBS
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particles are still larger as compared to position D. Samples collected from positions G and H show
significantly larger SEBS domains again coming from coalescence of the SEBS particles.

From the above images it is difficult to determine whether the SEBS phase is co-continuous
or dispersed in the PP matrix. The degree of co-continuity was further studied using solvent
extraction and LVSEM studies on extracted blends. Solvent extraction results for SEBS/PP/oil
samples collected from different screw-positions are shown in Table 6.4. Extraction resulted in 100
% removal of SEBS and oil from samples collected at position A, B and H. This shows, that the
SEBS phase was continuous in these samples. The degree of co-continuity was less in the middle
of the screw, especially at the transporting blocks E and kneading blocks D and F. The PP film
obtained after extraction of SEBS and oil was self-supporting in all cases. This proves, that the PP
phase was continuous in all blends. The continuity of the PP phase is also clearly seen in the
LVSEM images of the extracted films shown in Figure 6.12. In this figure the holes correspond to the
extracted SEBS and oil phase. Only three images are shown here for shortness sake. These images
are better representations of the interconnectivity between the SEBS domains as compared to TEM,

but support the observations made by TEM.

Table 6.4 The degree of co-continuity of the SEBS phase in SEBS/PP/oil
blends measured on samples collected at different screw positions.

Screw position A B C D E F G H

Degree of
co-continuity (%) 100 100 90 93 90 88 100 100

Figure 6.12 LVSEM mages of SEBS/PP/oil blend from which the SEBS/oil phase has been
extracted: (A), at the front end of the screw near the feed hopper; (D), at the first kneading block;
(H), at the tip of the screw, just at the die entrance.



146 Morphology development

6.4.6 Influence of the morphology on stress-strain properties
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Figure 6.13 Stress-strain properties of TPV blends obtained after
different mixing times in the internal mixer.

The stress-strain properties of the different EPDM/PP/oil based TPV blends obtained after
different mixing times in the internal mixer, are shown in Figure 6.13. The curves overlap upto 100 %
strain. This is due to a larger contribution from the continuous PP phase, as compared to the
dispersed rubber domains at these low strains. At higher strains the curves deviate and, at
comparable strains show higher stress with increasing mixing time. The deviation of the curves at
higher strains implies that the contributions from the dispersed rubber domains are significant. The
difference in contribution of the continuous PP phase vs. the dispersed EPDM domains, is expected
on the basis of morphology: a serial loading of components; and different stress-strain behavior of
binary PP-oil and rubber-oil blends. The E-moduli of these blends are comparable within
experimental error. In general, the tensile strength at break and elongation at break rises with
increasing mixing time. Also the area under the stress-strain curve increases, implying that the
blends become tougher with increasing mixing time.

These changes in the stress-strain properties of TPVs can result from two factors: 1) increase of the
crosslink density of the rubber phase, and 2) reduction of the EPDM particle size.

The influence of rubber crosslink density is better manifested in cyclic stress-strain
experiments. At fixed EPDM/PP/oil compositions, a more crosslinked EPDM phase should lead to
lower residual plastic strain after unloading. The residual plastic strain as a function of strains for

different TPV blends is shown in Figure 6.14. The curves are incidentally separated into three
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groups based on the crosslink density differences of the EPDM phase. The unvulcanized blend
shows the highest plastic deformation, as expected. The curves for 6 minutes and 7 minutes
overlap. This implies similar crosslink densities of the two blends. The lowest plastic deformation is
obtained after 7.5 minutes of mixing and this does not change anymore even after 12 minutes of
mixing. This implies that under the present experimental conditions, the vulcanization reaction is

essentially complete after 7.5 minutes i.e. already within 1 minute after adding the crosslinking
agent.
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Figure 6.14 Residual plastic strain of TPV blends for different
mixing times in the internal mixer. The lines only serve as guide to
the eye.

The effect of EPDM particle size on the stress-strain properties is seen in the toughness
values of the TPV blends as shown in Table 6.5. Toughness here is defined as the area under the
stress-strain curve. The area is proportional to the integral of the force (F) over the distance (L) the
sample stretches before breaking.

Area ~ J.F(L)dL (6.6)

The integral is the work (energy) required to break the sample. Figure 6.14 shows that toughness
increases with increasing mixing time. This is most likely an effect of the morphology. In literature,
the increase in toughness in EPDM/PP blends has been related to smaller particle size.*”! Smaller

particles result in better resistance to crack initiation and growth, as compared to larger particles.
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Table 6.5 E-modulus and toughness of TPV blends

Mixing times 5 6 7 7.5 12
(minutes)
E-mod (MPa) 12 14 14 17 18

Toughness (Nmm) 868 1967 2518 3745 4710

Stress (MPa)
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Figure 6.15 Stress-strain curves of SEBS/PP/oil blends at different mixing
times in the internal mixer.

The stress-strain curves for SEBS/PP/oil blends obtained for different mixing times are
shown in Figure 6.15. The tensile strength and elongation at break of the blend obtained after 2
minutes mixing show low values, due to poor mixing. Although the blends show differences in the
degree of continuity of the SEBS phase for longer mixing times, as seen before, the curves are quite
similar. This result shows that the minor differences in the degree of continuity of the SEBS phase
do not have a significant influence on the stress-strain properties.

The stress-strain properties of TPVs and SEBS/PP/oil blends prepared by varying the
residence times in the twin-screw extruder are shown in Figure 6.16. The stress-strain curves

overlap in both blends showing negligible effect of residence time on final properties.
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Figure 6.16 Stress-strain properties of (A), TPV blends; (B), SEBS/PP/oil blends; made at different
residence times in the twin-screw extruder.

A comparative plot of TPV and SEBS/PP/oil blends prepared in twin-screw extruder and
internal mixer is also shown in Figure 6.16. While the curves for TPVs overlap, the SEBS/PP/oil
blends prepared in the internal mixer show higher values of stress at comparable strains. Similar
results were also reported in Chapter 4, although the twin-screw extruder used in those experiments

as different from the one used here.

6.5 DISCUSSION

An overall comparison of the mechanism of morphology development between the TPV and
SEBS/PP/oil blends shows an interesting difference. In TPV blends the morphology is fixed by the
process of dynamic vulcanization, which occurs only seconds after adding the phenolic resin. Since
crosslinked particles cannot coalesce, with increasing mixing time only particle breakdown can
occur. The average particle sizes in TPVs prepared by both types of equipment are about 1-2 um
and after long shearing there is a reduction in particle size, which is manifested as a gradual
reduction in the surface area of the particles. On the contrary, the morphology of SEBS/PP/oil
blends is not fixed after a few minutes of mixing, or at the first kneading block of the twin-screw
extruder. In this blend it is the last flow environment that influences the final morphology. This has
the effect of essentially wiping out the previous mixing history. This shows that, although a major
reduction in phase size occurs during the melting process as shown in previous studies, it does not

mean that this step controls the final particle size.
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The coalescence of the SEBS phase resulting from prolonged mixing in the internal mixer
can be explained from literature. Pukanszky et al.?® studied the time dependence of the particle size
during homogenization and the process resulting in equilibrium particle size in PP/EPDM
unvulcanized blends. According to these authors, if the mixing time is short, large pieces of
elastomer are dispersed in the melted or partially melted PP matrix-the dominating process is
particle breakup. With increasing mixing time the average size of the particle decreases and
equilibrium is reached between particle break-up and coalescence. The dynamic equilibrium can be
shifted towards more coalescence by increasing the viscosity ratio, which is influenced by
temperature and shear rate. A higher temperature resulting from longer mixing time — especially
relevant for the internal mixer — can also result in thermo-mechanical degradation of PP, even
though a stabilizer combination is used. This can be seen as a decrease in mixing torque as a
function of time during blending in the internal mixer: Figure 6.3. The viscosity of the SEBS phase
(nsess) is relatively less sensitive to temperature changes as compared to PP, because the physical
crosslinks in the polystyrene blocks exists even at 250 °C.1*> ! The polystyrene blocks, clustered in
droplets, are dragged through the molten PP-phase. The persistence of the microsphase structure
at such high temperatures in SEBS is due to a big difference in the solubility parameters of the
polystyrene end blocks and the ethylene-butylene end blocks.*”!

In a twin-screw extruder the viscosity ratio is influenced by local variation of both temperature

and shear rate. This is demonstrated in Figure 6.17, which shows the variation of viscosity ratio A
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Figure 6.17 Variation of viscosity ratio with frequency and temperature for
a SEBS/PP/oil blend.
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with frequency at two different temperatures:160°C and 200°C.P% The viscosity ratio increases with
increasing temperature, but the increase is significantly higher at lower frequencies. Thus a change
in frequency (or shear rate) has more effect than a change in temperature. With reference to
equations (6.1) and (6.2), indicating that particle breakup is impossible in shear flow for A>3.8, vice
versa coalescence is prevailing. The data in Figure 6.17 shows that the coalescence of the SEBS
domains in the transporting blocks - where shear flow prevails at lower shear rates than in the
kneading blocks, where also significant elongational flow is developed - is more likely to occur as a
result of reduction of shear rates - corresponding with lower frequencies in Figure 6.16 - than due to
changes in temperature; The lower the shear rate - lower frequency -, the higher A, the more the
blend will tend to coalescence.

The reason for increased tendency towards coalescence with reduction in viscosity ratio of
the matrix is also explainable from the mechanism of coalescence between polymer droplets as
discussed by Potente et al.*"! The external flow field in the mixing equipment causes collision of
droplets. This collision causes a contact force to act on both drops for a specific amount of time.
This flattens the drops and causes the film between the drops to drain away to finally form a critical
thickness and rupture. After the film has ruptured a neck is formed between the two drops and then
they unite. For coalescence to take place, the contact time of the colliding drops must be as long as
film drainage time. Thin (low viscosity) films are easier to displace than highly viscous films. This
implies that the time of contact, flow rate, residence time, local force fields are all crucial factors
which determine the dynamic equilibrium between particle breakup and coalescence.”?

As mentioned in Chapter 4, the stress-strain properties of these blends depend on the
properties of individual phases, blend composition, oil distribution and morphology. As most of the
factors except the morphology are fixed in the experiments reported in this chapter, the observed
differences in stress-strain properties of the blends can be attributed to the differences in
morphology. The stress-strain properties of blends with dispersed phase morphology as in TPVs,
are very sensitive to changes in morphology: particle size distribution and crosslink density of the
rubber phase. The stress-strain properties of blends with co-continuous morphology as in the case
of SEBS/PP/oil are grossly comparable even though, depending on the blend preparation
conditions, the degrees of co-continuity are significantly different. This shows that, provided other
factors such as SEBS/PP ratio, crystallinity of PP, grades of base polymers and oil distribution are
constant, the stress-strain properties are not noticeably dependent on the degree of co-continuity of
the SEBS phase.
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6.6 CONCLUSIONS

The morphology development of TPVs both in an internal mixer and in a twin-screw mixing
extruder occurs within seconds after adding the curing resin. This very fast morphological change
involves a phase inversion from a co-continuous morphology to dispersed phase morphology. The
crosslinking reaction however is slower, and is essentially complete after a few minutes of mixing.
This implies that the crosslinking reaction occurs within separate EPDM particles. There is no
difference in the particle size of the EPDM-phase in TPV blends made in the internal mixer and twin-
screw extruder. By changing the shear rate or shear strain it is possible to vary the particle size
distribution of the EPDM phase. This effect is independent of the mixer type. The crosslink density of
the EPDM phase influences the stress-strain properties of the TPVs, especially at strains larger than
100 %. The elastic recovery of the blends is significantly influenced by the crosslink density of the
EPDM phase even though the particles are separated by a thermoplastic matrix phase.

The morphology development in SEBS/PP/oil blends during compounding in the internal
mixer and the twin-screw extruder can be described as follows. When the PP and SEBS are fed
together to the hot mixer (twin-screw extruder or internal mixer), the initial morphology must be a
mixture of rubber dispersed in molten PP. This morphology subsequently changes very fast to co-
continuous morphology with increased mixing. During this process the rubber is softened, stretched
and broken down into droplets. The whole process occurs extremely fast. In our experiments we
could not detect the initial morphology due to the experimental limitations on the speed of detection.

The co-continuous morphology of the SEBS/PP/oil blends undergoes further changes due to
changes in temperature and screw element configurations in the twin-screw extruder. As the
temperature rises with increasing mixing time, the viscosity of the PP phase drops and if at that
instance the melt is in transporting blocks of the twin-screw extruder (lower shear rate) or in the
internal mixer, the SEBS domains start to coalesce. If, on the other hand, the melt is in the kneading
blocks, the shear and elongational forces are high enough to cause breakdown of the SEBS
domains. This implies that with proper control of temperature and screw configurations the
morphology can be “tailor-made”. The stress-strain properties are however not influenced by these

variations in the degree of co-continuity of the SEBS/PP/oil blends.
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Chapter 7

The effect of different compositions and processing
conditions on the morphology and properties of TPVs
and SEBS/PP/oil blends

This chapter reports studies on the influence of different compositions and processing
conditions on the morphology and mechanical properties of TPVs and SEBS/PP/oil blends.
Attempts were made to alter the morphology of the blends using the principles learnt from
previous chapters. For both blend types controlled changes in melt flow index of PP and rotor
speed of the internal mixer were made to vary the viscosity-ratio of the PP- to the rubber-phase
and the shear rate, respectively. Statistical designs of experiments were used to determine the
separate effects of each factor, including the amount of EPDM, PP and oil. For TPVs, the amount
of curatives and the process of EPDM-oil preblend preparation were also varied. For TPVs
prepared in the internal mixer, particle size of EPDM is influenced by the melt flow index of PP
and the curative resin content. If the total shear is kept constant, the shear rate of the internal
mixer has little influence on the EPDM patrticle size. For SEBS/PP/oil blends, although the domain
size of the SEBS phase shows differences, the morphology remains co-continuous irrespective of
the changes in melt flow index of the PP, the rotor speed or mixing temperature. The results
demonstrate the potential of different routes to vary the morphology and its consequences for the

properties of these blends.
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7.1 INTRODUCTION

The properties of polymer blends are to a large extent dependent on morphology,
i.e., the size, shape and distribution of the phases. Factors that govern the morphology
are blend composition, level of compatibility between the phases, processing conditions
and rheological characteristics of the components. "

It has been shown in the previous chapters that the properties of TPVs and
SEBS/PP/oil blends can be altered by making variations in blend composition, method of
production and oil distribution. In this chapter four other factors are studied, which could
have an influence on the morphology and properties. These factors are discussed
below:

1) Amount of phenolic resin (for TPVs);

The dispersed EPDM phase in TPVs is responsible for the elastic properties of
the blends. The purpose of changing the amount of phenolic resin is to alter the crosslink
density of the EPDM phase and study its influence on the tensile and elastic properties.
Another consequence of varying the amount of phenolic resin would be, to alter the
viscosity ratio between EPDM and PP. This should have an influence on the morphology
of TPVs. In fact, atomic force microscopy studies by Ellul et al.”! have shown that the
EPDM particle size distribution is narrowed by increasing the crosslink density of the
EPDM phase.

2) Melt flow index of PP;

The Melt Flow Index (MFI) of PP is an important criterion that determines the
processability. Blends with a low MFI are associated with high molecular weight, while a
high MFI indicates a low average molecular weight. A high flow material is favourable for
processing, especially for injection molding, because it facilitates the filling of intricate
mold parts.

The influence of varying the MFI of PP on the morphology of these blends is not
clear. According to Jayraman et al.”®! the aspect ratio of the EPDM particles in TPVs is
altered due to changes in MFI of the PP. A consequence of varying the MFI of PP
during melt blending with EPDM or SEBS is to alter the viscosity ratio between the PP
and the rubber phase. This should influence the morphology and properties of both

blend types.
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3) Different shear rates of mixing;
The rotor speed of the internal mixer corresponds to the shear rate which the
polymer melt experiences during blending. This can be calculated approximately by
using equation (7.1):1

y =25 (7.1)

where yis the shear rate, D is the diameter of the rotor, S is the rotor speed in rpm and

O is the gap between the rotor tip and mixing chamber. From the dimensions of our
internal mixer the shear rate at a rotor speed of 80 rpm was calculated to be 140s™. The
influence of shear rate during mixing on the morphology of polymer blends has been
reported by several authors.®®! On the basis of these works it is expected that an
increase of shear rate will have an effect on the dispersion of the phases which, in turn,

should also influence on the properties.

4) Effect of oil preblending methods (for TPVs);

TPVs and SEBS/PP/oil blends are increasingly used as materials for soft-touch
applications. Such compositions usually contain a low level of PP. In order to prepare
these compositions, especially in an internal mixer, it is necessary to make a preblend of
oil with rubber as otherwise the oil is not incorporated completely. Preblending of oil with
EPDM in amounts over 100 phr is not problematic, when preparing TPVs in a co-rotating
twin-screw extruder. But in compositions made in the internal mixer such large amounts
of oil cause mixing problems. There are different ways to prepare the preblends: e.g. in
solution, on a two-roll mill or in an internal mixer. Each of these methods has an
influence on the viscosity of the EPDM phase that might later on influence the properties
and possibly the morphology of TPVs. This part of the study was only restricted to TPVs
because the oil could be easily absorbed by SEBS and preblending with oil levels as

high as 180 phr was comparatively easy.?

5) Temperature of mixing (for SEBS/PP/oil blends);
According to investigations by Veenstra the range of co-continuity of SEBS/PP/oil
blends is dependent on the mixing temperature. His experiments showed that mixing at

a temperature above the order-disorder temperature (ODT) of SEBS and subsequent
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compression molding at a temperature above ODT results in a decrease of the continuity
of the SEBS phase. The ODT is defined as the temperature above which polystyrene
and ethylene-butylene phases exists as a one-phase system. The ODT is dependent on
the volume fraction of the polystyrene content in SEBS and on the extent of phase
separation between the polystyrene and ethylene-butylene blocks. Since the grades of
SEBS used in these investigation were different from the one used in the present study,
it was intriguing to known whether the mixing temperature would have an influence on
the morphology of the SEBS/PP/oil blends. Therefore, the mixing temperature of the
SEBS/PP/oil blends was also varied and its influence on the morphology and properties
investigated.

Statistical design of experiments was used for the set up of some experiments.
This was done in order to evaluate the separate effects of each factor on the blend

properties. In the design two levels of each factor were varied.

7.2 EXPERIMENTAL
7.2.1 Materials

The grades of EPDM, SEBS, oil and stabilizers are the same as described in
Chapter 3 of this thesis. Two different grades of PPs were used in this work: Stamylan
P11E10 and three Vestolen®grades. All grades are available from Sabic Euro
Petrochemicals B.V. The characteristics of the Stamylan P11E10 grades have been

described before. The characteristics of the Vestolen grades are shown in Table 7.1.

Table 7.1 Characteristics of the PP’s used"”

Vestolen MFI Mn Mw Mw/Mn Crystallinity E-modulus
Grade [dg/min] [g/mol] [g/mol] (%) [MPa]
P9000 0.3 77800 657000 8.4 45 1095
P8000 1.1 82000 427000 5.2 45 903

P6000 55 63300 316000 6.0 45 925
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7.2.2 Blend compositions
7.2.2.1 TPV blends.-

The blend compositions used for preparation of the TPV blends are summarized
in Table 7.2. For ease of description, the compositions are coded in four groups.
Experiments with compositions AE1-AE5 were designed to study the influence of
phenolic resin curative concentration; BE1-BE9 were designed to study the influence of
MFI of the PP and CE1-CE7 were designed to study the influence of shear rate during
mixing. Note that some compositions/mixing conditions occur more than once: e.g. AE3
and CE5. The composition DE1 was used to study the influence of oil-preblending

methods. All the compositions of TPVs are stabilized with Irganox 1076 and Irgafos 168.

7.2.2.2 SEBS/PP/oil blends.-

The blend compositions used for the preparation of the SEBS/PP/oil blends are
summarized in Table 7.3. For ease of description, the compositions are coded in three
groups. Experiments with compositions AS1-AS3 were designed to study the influence
of temperature of mixing; BS1-BS9 were designed to study the influence of MFI of the
PP and CS1-CS4 were designed to study the influence of shear rate during mixing.

Note that some of the compositions occur twice to check the reproducibility.
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Table 7.2 Blend compositions used for preparation of TPV blends
PP content Qil content Phenolic resin content
code PP-type (Phr) (Phr) (Phr) RPM
AE1 Stamylan P 11E10 40 140 0 80
AE2 Stamylan P 11E10 40 140 2 80
AE3 Stamylan P 11E10 40 140 5 80
AE4 Stamylan P 11E10 40 140 8 80
AE5 Stamylan P 11E10 40 140 10 80
BE1 Vestolen P 6000 40 100 5 80
BE2 Vestolen P 6000 40 180 5 80
BE3 Vestolen P 6000 120 100 5 80
BE4 Vestolen P 6000 120 180 5 80
BE5 Vestolen P 8000 80 140 5 80
BE6 Vestolen P 9000 40 100 5 80
BE7 Vestolen P 9000 40 180 5 80
BES Vestolen P 9000 120 100 5 80
BE9 Vestolen P 9000 120 180 5 80
CE1 Stamylan P 11E10 40 100 5 80
CE2 Stamylan P 11E10 40 100 10 80
CE3 Stamylan P 11E10 120 100 5 80
CE4 Stamylan P 11E10 120 100 10 80
CE5 Stamylan P 11E10 40 100 5 40
CE6 Stamylan P 11E10 40 100 10 40
CE7 Stamylan P 11E10 120 100 5 40
CES8 Stamylan P 11E10 120 140 10 40
DE1 Stamylan P 11E10 120 140 5 80
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Table 7.3 Blend compositions used for preparation of SEBS/PP/oil blends

PP content Oil content
code PP-type (Phr) (Phr) Mixing temp. (°C) RPM
AS1 Stamylan P11E10 80 140 180 80
AS2 Stamylan P11E10 80 140 200 80
AS3 Stamylan P11E10 80 140 220 80
BS1 Vestolen P 6000 40 100 180 80
BS2 Vestolen P 6000 40 180 180 80
BS3 Vestolen P 6000 120 100 180 80
BS4 Vestolen P 6000 120 180 180 80
BS5 Vestolen P 8000 80 140 180 80
BS6 Vestolen P 9000 40 100 180 80
BS7 Vestolen P 9000 40 180 180 80
BS8 Vestolen P 9000 120 100 180 80
BS9 Vestolen P 9000 120 180 180 80
CS1 Stamylan P 11E10 80 140 180 40
CS2 Stamylan P 11E10 80 140 180 80
CS3 Stamylan P 11E10 80 140 180 120
Cs4 Stamylan P 11E10 80 140 180 150

7.2.3 Evaluation method for two-factorial design

The influence of MFI of the PP on the properties of TPVs and SEBS/PP/oil
blends: series B, was analyzed with the help of two-factorial design of experiments. A
similar design was used to analyze the combined effect of PP-content, resin-content and
rotor speed of the internal mixer for TPVs: series CE. In these factorial designs there are
three factors and each factor was varied at two levels.
To determine the effect of the factors on the properties, the impact of all the variables
(primary factors) or combinations of variables (secondary factors) is displayed in a
Pareto chart." To construct such a chart, the effects of each factor have to be
calculated. All factors have a minimum (-) and maximum (+) value. The compositions
table for investigating the effects of MFI, PP-content and oil-content can thus be

described as follows: Table 7.4.
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Table 7.4 Compositions of TPV and SEBS/PP/oil blends

Code PP Oil MFI  PP*MFI  MFI*Gil  Oil*PP
content content

BX1” - - + - - +
BX2 - + + - + -
BX3 + - + + - -
BX4 + + + + + +
BX6 - - - + + +
BX7 - + - + - -
BX8 + - - - + -
BX9 + + - - - +

*) «“X” stands for E for TPV blends and S for SEBS/PP/oil blends

The effect of such a design is calculated by using the formula:

Sum of all (+) responses  Sum of all (-) responses (7.2a)

Absolute effect =
No. of (+) signs No. of (—) signs

This method assumes a linear relationship between the maximum and minimum values
of primary factors. The results are evaluated with the help of linear regression analysis.
In this approach the final property, so called the response of the design, is evaluated
with the help of a multi-variable equation. As an example, such an equation for hardness

would look like this:

Hardness =
G+ C*PP + C,*Resin + C,*RPM + C,*PP*RPM + C;*RPM=Resin +
C; *Resin* RPM (7.2b)

Co, C4,...Cs are the coefficients of the variables, which evaluate the respective influences
of each factor on the end property. Similar equations can be obtained for other
properties like the E-modulus, tensile strength or elongation at break.

A chart for evaluating the effect of PP composition, resin content and rotor speed

on the morphologies and properties of TPVs is shown in Table 7.5.
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Table 7.5 Compositions of TPV blends

Code PP Resin RPM PP*RPM RPM*Resin Resin*PP

content content

CE1 - - + - - +
CE2 - + + - + -
CE3 + - + + - -
CE4 + + + + + +
CE5 - - - + + +
CE6 - + - + - -
CE7 + - - - + _
CE8 + + - - - +

7.2.4 Sample preparations and testing

The TPV and SEBS/PP/oil compositions were prepared in a Brabender
Plasticorder type 350S according to procedures described in Chapter 4.

To study the effect of oil preblending methods on the properties of TPVs the
composition DE1 was used. Three different preblending techniques were used to add
the extra oil: on a mill, in the internal mixer and in solution. A fourth blend was made
without preblending, i.e. directly adding the oil into the internal mixer along with other
ingredients. The Mooney viscosities of the EPDM-oil preblends: ML (1+4) at 125°C,
were measured by a 2000E Mooney viscometer from Alpha technologies.

After mixing, the materials were compression molded at 200°C for 3 min. under a
pressure of 10 MPa and then cooled under pressure to about 30°C. The moulded sheet
thickness was about 2 mm. Dumbbells were punched out of the sheets for tensile
measurements.

Tensile stress-strain experiments were measured at room temperature according
to ISO 37, using a Zwick Z020 universal testing machine equipped with a 500 N load
cell. Tension set experiments was conducted on TPV samples prepared with different
amounts of resin content. In these experiments the samples were stretched to a cyclic
strain of 100% and the amount of irrecoverable strain was measured.

The hardness of the compounds was measured with a Zwick hardness meter
(Shore A type, ISO R868).
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Morphology was studied using a Philips CM30 transmission electron microscope
(TEM). Low voltage scanning electron microscopic studies (LVSEM) were conducted
using a Leo 1550 scanning electron microscope. The sample preparations are described
in Chapter 3.

The gel-content of the samples was determined using the boiling xylene method

described in Chapter 4.

7.3 RESULTS
7.3.1 Effect of phenolic resin content on TPVs

The influences of phenolic resin on the properties of TPVs are shown in Figure
7.1. ltis clear from this figure that a higher degree of cure of the EPDM phase results in
a higher E-modulus, hardness and tensile strength. Also, as seen in the tension set

results, the elastic recovery is improved. The elongation at break decreases.
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The morphologies of the TPV blends having different amounts of phenolic resin are

shown in Figure 7.2:

Figure 7.2 TEM images of TPV
blends with different amounts of
phenolic resin. (a), 0 phr resin; (b),
2 phr resin; (c), 5 phr resin; (d), 8
phr resin; (e), 10 phr resin.

As a consequence of preferential staining of the EPDM phase by RuO,, the dark phase

can be assigned to the EPDM phase and the white to PP. The oil in either phase is not
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visible. The EPDM/PP/oil blend without any phenolic resin shows two co-continuous
phases. This is expected if the viscosity ratio of the EPDM and PP is close to unity.®! The
co-continuity of the rubber phase explains the high value of the elongation at break of
this blend as compared to the cured TPVs. Adding 2 phr of phenolic resin to the
composition results in partially cured TPVs. This TPV shows properties intermediate
between those of the unvulcanized EPDM/PP/oil blend and fully cured TPV: Figure 7.1.
The TEM image of this blend, as shown in Figure 7.2b, shows that the EPDM phase is
still partially continuous. Partial co-continuity of the EPDM phase is also still observed in
the TEM image of Figure 7.2c, which corresponds to a composition containing 5 phr
phenolic resin. The gel content value at this composition shows that the EPDM phase is
already completely cured.'? The partial co-continuity as suggested by the TEM images
7.2b and c is doubtful, because at a high loading of rubber phase the TEM images can
be misleading. This has been explained in detail in Chapter 3. The TEM images of the
blends having 8 phr and 10 phr resin show a wide distribution of particle sizes. Most
EPDM particles are between 1-4 um and there are particles even less than 1um. An
accurate estimation of the particle size distribution was not possible due to lack of clear
boundaries between the particles. With increasing amount of phenolic resin, the particle
shape tends to be more spherical and well defined. Attempts were made to see this
distribution with LVSEM. These failed because the particles of EPDM seem to be

interconnected to one another: Figure 7.3.

(a) (b)

Signal A= InLens  Date :5 Mar 2003
= 5mm Photo No. = 9257 Time :10:59:09

]
Mag = 10.00 KX —— . wo

[ EHT = 200k Signal A= InLens Date
Mag= 1000kX F— . wD= 3mm Photo No. = 9249 Time :

Figure 7.3 LVSEM image of TPV blends prepared with: (a), 5 phr of resin; (b), 10 phr
of resin.
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7.3.2 Effect of MFI of PP and blend composition on the properties and morphology
of TPVs and SEBS/PP/oil blends

Table 7.6 summarizes the effect of increasing the MFI of PP on the properties of
both blends. The Pareto diagrams of the coefficients calculated from these results

according to eq. 7.2b, are given in Figure 7.4 for both blend systems.

Table 7.6a Influence of MFI of PP, PP- and oil-content on the
properties of TPV blends.

Code Hardness E-moduli Tensile Elongation
(Shore A) (MPa) strength at break

(MPa) (%)
BE1 61 7.77 3.9 290
BE2 45 4.4 1.7 270
BE3 90 69 6.6 350
BE4 60 18 5.6 310
BE6 75 25.7 3.7 300
BE7 49 5.9 2.7 250
BES8 90 88 8.6 500
BE9 83 40 5.6 300

Table 7.6b Influence of MFI of PP, PP- and oil-content on
the properties of SEBS/PP/oil blends.

Code Hardness E-moduli Tensile Elongation
(Shore A) (MPa) strength at break
(MPa) (%)
BS1 59 15.3 7.7 302
BS2 40 34 1.8 580
BS3 94 61 15.4 315
BS4 84 23.5 5.7 302
BS6 69 17.5 6.0 500
BS7 48 5.8 4.0 650
BS8 91 89 15.0 510

BS9 82 39.5 18.0 520




Effect of different composition and processing conditions

168

(b)

SEBS/PP/oil blends

]
|

oil*MFI

PP*ail

PP*MFI

T
=

sJiope4

oil

PP

40

30

20

10

0

-10

-20

TPV blends

— T T T T T T T T

oil*MFI

PP*oil

PP*MFI

e
=

slope4

oil

PP

<
L
5 —~
2
8 ©
" ~
2
3
2
e
&
T
o
<
=Y
8
 ~
<
<
<}
2
& —
e a (&)
3 ~—"
2
B
<4
I
o
o
o
Y

SEBS/PP/oil blends

oil*MFI

PP*oil

PPMFI
MFI

slojoe4

PP

TPV blends

oil"MFI

PP*ail

PP*MFI
MFI

$J0)0B 4

oil
PP

-40 20 20 40 60 80
modulus (MPa)

-60

E

E-modulus (MPa)

(f)

(e)

SEBS/PP/oil blends

SN
NN
e

AN
S

=

NN

Y

oil*MFI

PP*oil

PP*MFI

MFI

sJope4

oil

PP

Tensile strength (MPa)

TPV blends

oil*MFI

PP*oil

PP*MFI

sJojoe4

MFI

oil
PP

12

10

Tensile strength (MPa)



Chapter 7 169
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Figure 7.4 Tensile properties of TPV and SEBS/PP/oil blends as influenced by PP-content, oil-
content and MFI of the PP.

The diagrams show the influence of the various parameters and their interactions on the
tensile properties of both blend systems. Hardness and E-moduli are directly correlated,
as common: Figure 7.4(a) and (c), resp. 7.4(b) and (d). Both increase with increasing
PP-content and decrease with increasing oil-content. The values of the corresponding
factors indicate that blend composition plays an important role at low strains. MFI has a
negative effect on these properties, i.e. an increase in MFI of the PP, from its low value
(0.3 g/10 min) to a high value (5.5 g/10 min) resulted in a decrease of hardness and E-
moduli: Figure 7.4(c) and 7.4(d). Increasing the MFI of PP also has a negative effect on
the tensile strength of TPVs and SEBS/PP/oil blends: Figure 7.4(e) and 7.4(f). The
largest effect is on the elongation at break. In both cases, increasing the MFI results in a
significant decrease in the elongation at break values: Figure 7.4 (g) and (h).

The reason for the better properties of the blends prepared with PP having a MFI
of 0.3 g/10 min, as compared to blends prepared with PP having a MFI of 5.5 g/10 min,
can be explained from their morphology. The morphologies of representative TPV

compositions prepared using different PP’s are shown in Figure 7.5.
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Figure 7.5 TEM images of TPV blends having compositions: (a),
BE3; (b), BES.

(@)

500 nm

Figure 7.6 TEM images of SEBS/PP/oil blends having compositions:
(a), BS2; (b), BS7.

The EPDM particles size distribution appears coarser in the TPV blend prepared with a
PP having a MFI value of 5.5 g/10 min, as compared to the TPV blend prepared with PP
having a MFI value of 0.3 g/10 min. Particles as large as 6-7 um are seen in Figure
7.5(a), whereas the maximum particle size in Figure 7.5(b) is about 3 um.

Similar results are seen in the TEM images of SEBS/PP/oil blends as shown in
Figure 7.6. Although the SEBS-phase is found to be continuous with the PP phase in
both cases, the average domain size distribution is very wide in case of composition BS2
as compared to composition BS7.
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These effects of composition on the properties are in accord with the results
described in Chapter 4, where the properties of these blends were reported as a function
of composition and blend preparation method, although prepared with a different grade
of PP. Although the influence of the three factors on the Hardness and E-modulus are
similar for both blend types, some features in the tensile strength and elongation at
break values are strikingly different. A comparison of Figure 7.4(e)-(h) shows, that
increasing the amount of oil from its low value of 100 phr to a high value of 180 phr leads
to a larger reduction in the tensile strength of SEBS/PP/oil blends as compared to the
TPVs. The elongation at break decreases in case of TPVs, but increases in case of the
SEBS/PP/oil blends with increasing oil-content. Increasing the amount of PP from its low
value of 40 phr to a high value of 120 phr increases the tensile strength and elongation
at break for TPVs, whereas in case of SEBS/PP/oil blends the elongation at break is
significantly decreased, although the tensile strength increases. These differences are
probably due to the presence of a continuous rubber phase in SEBS/PP/oil blends,

which participates equally with PP in the deformation process.

7.3.3 Effect of PP-content, resin-content and rotor speed of mixing on properties
and morphology of TPVs

Table 7.7 summarizes the effect of PP-content, resin-content and rotor speed of
the internal mixer on the properties of TPVs. The Pareto diagrams of the coefficients

calculated from these tables are given in Figure 7.7.

Table 7.7 Influence of MFI of PP, PP and oil content on the properties of

TPV blends.
Code Hardness E-modulus Tensile Elongation at
(Shore A) (MPa) strength break

(MPa) (%)
C1 60 18 4.7 300
C2 62 20 5.2 290
C3 87 88 8.6 400
C4 89 100 10.1 380
C5 68 10.9 4.7 297
C6 64 14.7 5.6 287
Cc7 83 90 8.0 395

C8 84 91 12.0 377
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Figure 7.7 Tensile properties of TPV blends as influenced by PP, amount of resin and RPM of

the internal mixer.

The diagrams show the influences of the various parameters and their
interactions on tensile properties. As seen before, all the properties increase with
increasing PP-content. Increasing the amount of phenolic resin from 5 phr to 10 phr has
a negligible effect on the hardness and E-modulus. However, it has a positive effect on
the tensile strength and a negative effect on the elongation at break values. On the other
hand increasing the rotor speed of the internal mixer from 40 RPM to 80 RPM, while
keeping the total strain the same, has no effect whatsoever on the mechanical
properties.

TEM images of the TPV blends prepared at different RPM of the internal mixer
are shown in Figure 7.8. The dark phase is EPDM and the bright phase is PP.
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Figure 7.8 TEM images of TPV blends having compositions: (a),
CES5; (b), CES6; (c), CE1; (d), CE2.

The particles of EPDM are within 2-6 um in all cases. This proves that, provided the total
shear and amount of resin remains the same, the particle size of the EPDM phase does

not differ significantly.

7.3.4 Influence of oil preblending methods on the properties and morphology of
TPVs
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The effects of different preblending techniques on the Mooney viscosity of the
EPDM-oil preblends are shown in the Figure 7.9. Since no molecular weight reduction
should occur during solution preblending, the Mooney viscosity of the solution preblend
can be considered as reference. Compared to the reference, the Mooney values
dropped by 11 units during mill preblending and by 14 units during preblending in the
internal mixer. Since the amount of oil incorporated in the blends during preblending is
almost the same, as checked by extraction experiments, this drop in Mooney viscosity
values reflects a drop in molecular weight of the EPDM-phase during the preblending
process. The higher Mooney-drop in the internal mixer is probably due to the higher
temperature involved during blending in that apparatus.

The effects of reduction in molecular weight of the EPDM on the viscosity of the
EPDM-oil preblends are also visible from the torque curves as shown in Figure 7.10.
These curves refer to the production of actual TPVs in the internal mixer. The viscosity
of all these TPV blends before addition of the curatives depends on the viscosity of the
EPDM/oil and PP/oil phases. As can be seen in the Figure 7.10, the blends with lower
Mooney viscosity (prepared on the mill and internal mixer) also exhibit a lower torque

during initial mixing in the internal mixer.
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Figure 7.10 Mixing curves in the internal mixer.

The effects of different oil preblending methods on the stress-strain properties
and E-modulus of the TPVs are shown in Figures 7.11(a) and 7.11(b) respectively. As
the EPDM molecular weight decreases due to the mastication effect, the E-modulus of
the TPVs also decreases. The solution preblend, in which the EPDM was not masticated
during preblending, shows the highest E-modulus and lowest elongation at break. The
E-modulus values of the mill-preblended TPV and the direct-addition TPV are close, but
the mill-preblended sample exhibits somewhat lower ultimate elongation. The preblend
in the internal mixer, in which EPDM has suffered the maximum mastication, shows the

lowest E-modulus and also the lowest tensile strength.
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Although the different oil preblending method has a strong influence on the stress-
strain properties of the TPVs, their morphology is not affected. LVSEM images of the
blends are shown in the Figures 7.12(a) — (d). The EPDM particles appear to be identical
in size in all cases (1 micron in diameter) and well dispersed within the PP matrix. Any
difference in the oil dispersion due to different preblending processes could not be found

either.
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Figure 7.12 Low voltage SEM image of TPVs prepared with different oil-preblending

methods (a), Direct addition; (b), Mill; (c), internal mixer; (d), Solution preblending.

7.3.5 Influence of mixer rotor speed on the morphology of SEBS/PP/oil blends

Figure 7.13 shows the properties of blends - series CS1 to CS4 in Table 7.3 -
prepared with different rotor speeds of the internal mixer. The E-modulus and the
hardness do not change significantly with the change in RPM from 40 to 150. The tensile
strength and elongation at break show a remarkable improvement. This suggests, that
the degree of mixing of the SEBS- and PP-phases is improved with an increase in rotor
speed.
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Figure 7.13 Tensile properties of SEBS/PP/oil blends prepared with different rotor speeds of
the internal mixer.

Figure 7.14 shows the TEM-images of the blends prepared with different RPM of the
internal mixer. The SEBS-phase remains fully continuous with the PP-phase in all cases.
This was confirmed using the solvent extraction methods as described in Chapter 4. The
SEBS domain sizes however decreases from an average of 2 um - Figure 7.14(a) - to an

average of 0.5 um - Figure 7.14(d) - with increase in rotor speed.
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Figure 7.14 TEM images of SEBS/PP/oil blends having compositions
prepared at: (a), 40 RPM; (b), 80 RPM; (c), 120 RPM and (d), 150
RPM.

7.3.6 Influence of the temperature of mixing on properties and morphology of the
SEBS/PP/oil blends

The stress-strain properties of the SEBS/PP/oil blends prepared with various
mixing temperatures: recipes AS1-AS3 in Table 7.3, are displayed in Figure 7.15.
Although the curves obtained at 180°C and 200°C are close, the one obtained at 220°C
lies below the other two. This is most probably due to degradation of the PP at high
temperatures. In order to verify this effect, the same blend was prepared at 200°C
without adding stabilizers. The stress-strain properties of this blend overlaps quite nicely
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with that of the SEBS/PP/oil blend prepared at 220°C in the presence of stabilizers:
Figure 7.15.
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Figure 7.15 Stress-strain curves for SEBS/PP/oil blends
prepared at 180°C, 200°C and 220°C. The open symbols
represent the stress strain curves of a blend without

stabilizers and mixed at 200°C.
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Figure 7.16 E-moduli of SEBS/PP/oil blends prepared with

different mixing temperatures.



Chapter 7 181

500 nm

Figure 7.17 TEM images of 31/25/43 wt.-%SEBS/PP/oil blends prepared at: (a), 180°C;
(b), 200°C and (c), 220°C.

The degradation effect of temperature is also seen in the trends obtained with the E-
moduli values reported in Figure 7.16. Again, the values for the SEBS/PP/oil blend at
200°C containing no stabilizers and the one at 220°C are almost the same, reconfirming
that the PP phase degrades with an increase in the temperature of mixing.

Figure 7.17 shows the TEM images of the SEBS/PP/oil blends mixed at 180, 200
and 220°C. The interconnectivity between the SEBS domains detoriates with an
increase of temperature. Results from solvent extraction experiments also showed a

decrease in the degree of co-continuity of the SEBS phase: Table 7.8.

Table 7.8 The degree of continuity of the SEBS phase

as measured by solvent extraction

Temperature of mixing 180°C  200°C  220°C
Degree of co-continuity (%) 100 100 92

7.4 DISCUSSION

7.4.1 Effect of phenolic resin content on properties and morphology of TPVs
Increasing the amount of phenolic resin results in an increase of hardness, E-

modulus, tensile strength and a decrease of elongation at break values and tension set

of the TPVs. The changes in the mechanical properties are as expected on the basis of

a higher crosslink density of the EPDM-phase. Although this EPDM-phase is dispersed
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in the PP, the results show that it contributes significantly to the deformation process.
According to Medintseva et al.,["® a high degree of curing of the EPDM phase results in
a coarse dispersion of EPDM. As a result, the PP matrix develops many defects and
regions of discontinuities. This explains the reason for the lower elongation at break of
TPV blends with an increase in phenolic resin content. According to morphology studies
of Jayaraman et al.®! and Thakkar et al.,!"! however, increasing the amount of curative
results in a narrow particle size distribution, which is in contradiction to the observations
of Medintseva et al. The present investigations using TEM show a tendency towards
larger particle size with an increase in curative concentration: see e.g. Figure 7.2 and
also Figure 7.8. However, an accurate estimate of particle size changes is difficult
because of particle-particle overlap and the difficulties associated with TEM to see the

particles as physically separated.

7.4.2 Effect of MFI of PP on the properties and morphology of both blends

The dimensions of the rubber phase increased with an increase in the MFI of PP
in both TPV and SEBS/PP/oil blends. This can be explained theoretically. According to
Wu," the particle size of the dispersed phase having viscosity 74 is given by the

relation:

R=ap 0% 22 (7.3)
7

where R is the radius of the particle, A is the viscosity ratio defined as 7y /1m, v12 is the

interfacial tension and y is the shear rate. The ‘+’ sign in the exponent applies for 1 > 1

and the “-“ sign for A<1. This relationship points out that increasing the viscosity ratio of
the system results in larger particles. A minimum particle size is obtained when the ratio
is close to unity. As the MFI of the PP is increased from 0.3 to 5.5 g/10 min, due to
accompanying changes in molecular weight the viscosity of the PP-phase decreases.
This results in an increase of the viscosity ratio, and as predicted by the equation (7.3)
mentioned above, results in an increase of particle size. Note that the present results
indicate that this relationship is also applicable to TPVs provided the total mixing time is
kept constant.

A study of the mechanical properties of these blends shows, that the properties
of both blends detoriate with an increase of MFI. In case of TPVs, since other factors like

the crystallinity of the PP, amount of phenolic resin, and mixing conditions were not
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varied, this decrease in properties is most probably a consequence of increased EPDM
particle size, as has been proposed earlier by Coran and Patel.l" For the SEBS/PP/oil
blends the reason for improvement must to be the dispersion of SEBS domains in PP,
obtained by reducing the MFI of PP.

7.4.3 Effect of rotor speed on the properties and morphology of both blends

The results show that, provided the total strain is kept constant, the rotor speed
does not influence the properties of the TPVs. Morphological images obtained for 40 and
80 RPM do not show differences in EPDM particle size either, where the mixing time has

been adjusted to keep the total strain same. According to Medentseva et al.,!"¥ the

criterion for dynamic vulcanization is: ¢,, <t, <t,_, where tyi is the time of components

mixing, f; is the induction period of vulcanization and f.s is the residence time of the
components in the mixer. The results show, that the particle size of EPDM is controlled
by the total strain, i.e. the product of shear rate and residence time of the blend in the
internal mixer. Note that the relationship between particle size and shear rate as
proposed by Wu (equation 7.3), does not take into account the effect of total shear.

For SEBS/PP/oil blends the TEM-images show that the SEBS domain size
marginally decreases with an increase in shear rate. The properties, especially the
tensile strength and elongation at break, were found to increase with increasing rotor
speed of the internal mixer. This most probably results from a better dispersion of the

SEBS phase in the PP matrix, as evidenced by the smaller SEBS domain sizes.

7.5 CONCLUSIONS

The results demonstrate the different ways to alter the properties of TPV and
SEBS/PP/oil blends, when prepared in the internal mixer. For TPV blends the stress-
strain properties are changed by making variations in the blend composition, amount of
crosslinking agent, MFI of PP and shear rate during mixing. If compositions, having oil
amounts in excess of 100 phr are to be prepared, a preblending step in which EPDM is
mixed with oil is necessary. The method of preblending can also influence the
properties. Similarly, it is possible to vary the properties of SEBS/PP/oil blends by using
PPs of different MFI, mixing at different shear rates or at different temperatures. Not all
these methods have an influence on the morphology. The dispersed EPDM particle size
in TPVs was found to increase by increasing the MFI of PP from 0.3 to 5.5 g/10 min. or

by increasing the amount of phenolic resin from 5 to 10 phr. However, increasing the
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shear rate from 40 RPM to 80 RPM or varying the method of oil addition to make a
preblend, did not have a significant influence on the particle size of EPDM. The
morphology of the SEBS/PP/oil blends also shows a coarsening of SEBS domains with
an increase in the MFI of the PP or a decrease in rotor speed of the internal mixer.
Increasing the mixing temperature resulted in loss of interconnectivity between the
SEBS domains with a negative effect on the degree of co-continuity.

The separate experimental design used for TPVs can be combined with the help of
Partial Least Square (PLS) model. This model can be used for predicting the mechanical
properties at any desired composition or processing conditions. An example is shown in
Figure 7.18(a), which shows the different possible ways to vary the hardness of a TPV:
by changing the rotor speed and resin content at a fixed composition of PP (80 phr),
keeping the MFI 0.3 g/10 min. fixed and the composition of oil fixed at 140 phr. Similarly,
for SEBS/PP/oil blends the PLS design Figure 7.18(b) shows the influence of PP - and
oil-content on hardness. Similar figures are possible for the other mechanical properties,

not further pursued in the context of this thesis.
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Figure 7.18 Plots showing variation of Hardness with: (a), resin-content and oil-content
for TPVs; (b), PP-content and oil-content for SEBS/PP/oil blends.
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Summary

Thermoplastic elastomers are materials, which combine the properties of
vulcanized rubbers under ambient conditions with the processing versatility of
thermoplastics. This thesis describes a study into the morphology and mechanical
properties of thermoplastic elastomers based on blends of polypropylene with two
different rubbers. The first rubber is EPDM and the corresponding blends are commonly
known as EPDM/PP dynamic vulcanizates (TPVs). Dynamic vulcanizates are a unique
category of thermoplastic elastomers in which the rubber phase is crosslinked during the
process of melt mixing with a thermoplastic polymer. The second rubber is SEBS, a
triblock copolymer in which poly (ethylene-butylene) blocks are sandwiched between two
end polystyrene blocks. SEBS itself is already a thermoplastic elastomer. At room
temperature the polystyrene heads of SEBS cluster together to form a physical network
in the material. These blocks, which are typically, about 20 nm, impart elasticity to the
material which makes it behave like a vulcanized elastomer. At 100 °C, the polystyrene
blocks pass through their glass transition temperature, above which the material can
flow. On cooling, the polystyrene blocks again solidify, and the material regains its
elastic properties.

Commercial blends of EPDM/PP-TPVs and SEBS/PP are commonly extended
with paraffinic oils. The oil improves processability, makes the blends softer and to a
certain extent improves the elastic recovery. Often the amount of oil is over 100 phr, so
that the blends can be considered as ternary blends of rubber, PP and oil.

Ternary rubber/PP/oil blends of TPVs and SEBS/PP/oil show properties that are
remarkably similar for same sorts of application. For example, both blends are used in
automotive under the hood applications, rack and pinion boots, airbag covers and many
soft touch applications. This is surprizing, because preliminary studies have shown that
the blends have totally different morphologies. Since morphology is usually considered
to be the most important parameter in controlling the properties of multiphase polymer
blends, this paradox is difficult to understand. Another problem is, that the amount of
information openly available on these blends is very little. Although TPVs are better
documented than the SEBS/PP/oil blends in this respect, most studies on TPVs were
conducted on relatively hard samples (higher than 60 shore A) and without oil as the

third component.
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The comparative study of EPDM/PP/oil based TPVs and SEBS/PP/oil blends
reported in this thesis is an attempt to throw light onto this paradox. The ideal way to
approach this problem is to conduct an in-depth study of the morphology, rheology and
properties of these systems so as to understand the interrelationship between each
parameter. In this thesis, morphology studies in relation to mechanical properties of
these blends are reported; the rheological properties will be reported in a separate
related additional thesis.

In recent times, several microscopic methods have become available for studying
the morphology of polymer blends. Optical Microscopy, Scanning Electron Microscopy,
Transmission Electron Microscopy, Atomic Force Microscopy and Confocal Scanning
Laser Microscopy are all widely used in polymer science. Some of these techniques are
complimentary to each other. Some have complex sample preparation techniques and
some are very sensitive to the amount of oil present in the samples. Comparative
studies of different microscopic techniques for characterizing the morphology of these
blends are reported in Chapter 3 of this thesis. Two techniques which are especially
found to be useful and will widely be used in this thesis are: Low voltage Scanning
Electron Microscopy (LVSEM) and Transmission Electron Microscopy (TEM).

Most TEM images of these blends provide good enough evidence for the actual
morphology of these blends. However, in some cases the TEM images are found to be
misleading. This is especially so when the rubber content is relatively high relative to
polypropylene as in a 70/30 EPDM/PP — TPV. TEM images of such blends often show
interconnected rubber particles giving the impression of a continuous vulcanized
elastomer phase, which is not to be expected from its thermoplastic processability. One
way to solve this problem is to use Electron Tomography, a technique widely used in the
biological sciences, but not explored yet in polymer material science. In this thesis the
use of electron tomography as a tool for directly visualizing the three-dimensional
morphology in polymer blends is reported.

Once the microscopic technique has been optimized, the next step was to
investigate the stress-strain characteristic of these blends. Chapter 4 gives an overview
of the comparative properties of the two blend types. The properties are found to vary
both with the composition and blend production method, i.e. in an internal mixer or in a
twin-screw extruder. The stress-strain curves are grossly comparable for both blend
types, with the exception at large strains where the SEBS/PP/oil samples show

pronounced strain hardening. The E-moduli are similar for both blend types, showing
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that this property is little dependent on morphology. The tensile strength and elongation
at break values are higher for SEBS/PP/oil blends as compared to the TPV analogues.
The gel content of the TPVs is higher when prepared in the twin-screw extruder as
compared to the blends in the internal mixer. Finally, the degree of crystallinity of the PP
phase is slightly influenced by the blend preparation method, but this again does not
correlate with the stress-strain properties.

Apart from the preparation methods, Chapter 5 shows that the stress-strain
properties of the two blend types are also dependent on the oil distribution between the
PP and rubber phase. In fact, the E-modulus values of both blends can be explained
using empirical models from Coran, Veenstra, Takayanagi and Kolarik based on the
properties of binary PP-oil and rubber-oil phases and the oil distribution values taken
from the work of Sengers!". Unfortunately, these models lack parameters that can be
related to blend morphology and so, for properties like elongation at break poor fits are
obtained.

Most commercial grades of these two blend types are made in co-rotating twin-
screw extruders and/or internal mixers. Chapter 6 shows how the blend morphology
evolves in these mixers during compounding. In both mixing equipments the morphology
evolves very rapidly and the first changes are difficult to detect. For TPVs the
morphology is fixed after dynamic vulcanization and does not undergo any further
changes. Due to a process of homogenization, which occurs with increasing mixing time,
particle size distribution becomes narrow. The morphology of SEBS/PP/oil blends
however, are more susceptible to changes due to variations in the mixing time or
alterations in the screw configuration of the twin-screw extruder. The degree of co-
continuity of the SEBS phase is found to increase in transporting zones of the twin-screw
extruder, where more coalescence and less break-up of the SEBS phase is observed. In
the kneading zones of the twin-screw extruder, more break-up of the SEBS domains is
observed leading to a lower degree of co-continuity of the SEBS phase.

Chapter 7 investigates the influences of several other possibilities that can be
used to vary the morphology. The factors investigated are: (1) influence of crosslinking
agent; (2) influence of the melt flow index of the PP; (3) influence of the speed of mixing;
(4) effect of different oil-preblending methods and (5) effect of the temperature of mixing.
The properties of the blends can be altered by all these factors even though the

morphology is not visibly altered by most of them.
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As a conclusion, the results reported in this thesis show that there are several
important factors, which dominate the properties of thermoplastic elastomer blends. A
summary is given in Table 8.1. Morphology is only one parameter among many others,
which has an influence on the properties. Most of the properties measured at low strains,
e.g. the hardness and E-moduli are rather insensitive to changes in blend morphology.
So, it is not surprising that although the morphologies of the TPVs and SEBS/PP/oil
blends are basically different, their properties are close enough for similar sorts of

applications.

Table 8.1 Summary of Properties and main Influencing factors

Properties Influencing factors

Morphology (1) Base polymers; (2) composition; (3) method of production; (4)
configuration of the mixing equipment: ex. kneading blocks vs. transporting
blocks; (5)process conditions;

Hardness (1) PP/(Rubber+ail) ratio;

E-moduli (1) PP/(Rubber+ail) ratio; (2) oil distribution;
(3) morphology (?)

Tensile strength (1) PP/(Rubber+ail) content; (2) oil distribution; (3) morphology

Elongation at break (1) Type of the rubber ; (2) morphology;

Elastic properties: (1) Crosslink density of the rubber phase; (2) PP/(rubber+oil) ratio
(compression  set,
tension set)

Thermal properties (1) Crystallinity of the PP phase and (2) type of rubber;

Reference
1. W. Sengers, PhD thesis, Technical University Delft, The Netherlands, to be
published.



190 Samenvatting

Samenvatting

Thermoplastische elastomeren zijn materialen, die onder omgevingscondities de
eigenschappen van gevulcaniseerde elastomeren combineren met de verwerkbaarheid
van thermoplasten. Dit proefschrift beschrijft een studie naar de morfologie en
mechanische eigenschappen van thermoplastische elastomeren gebaseerd op
mengsels (blends) van polypropeen met twee verschillende rubbers. De eerste rubber is
EPDM en de corresponderende blends worden EPDM/PP dynamische vulcanisaten
(TPVs) genoemd. Dynamische vulcanisaten zijn een unieke categorie van de
thermoplastische elastomeren, waarin de rubber-fase wordt gecrosslinkt gedurende het
smelt-mengproces met de thermoplast. De tweede rubber is SEBS, een ftriblok-
copolymeer waarin poly(etheen-buteen)-blokken geplaatst zijn tussen twee polystyreen
eindblokken. SEBS zelf is reeds een thermoplastisch elastomeer. Bij kamertemperatuur
clusteren de polystyreen-blokken samen en vormen op deze wijze een fysisch netwerk
in dit materiaal. Deze blokken, die een typische grootte hebben van ongeveer 20 nm,
verlenen elasticiteit aan het materiaal, zodat het zich gedraagt als een gevulkaniseerd
elastomeer. De polystyreen-blokken bereiken bij 100 °C de glasovergang temperatuur,
waarboven het materiaal kan vloeien. Bij daling van de temperatuur clusteren de
polystyreen-blokken weer samen en krijgt het materiaal zijn elastische eigenschappen
terug.

Commerciéle blends van EPDM/PP-TPVs en SEBS/PP worden vaak verder
gemengd met paraffinische olie. De olie bevordert de verwerkbaarheid, maakt de blends
zachter en verbetert tot op zekere hoogte de elastische eigenschappen. Vaak wordt er
meer dan 100 phr (parts per hundred rubber) gebruikt, zodat de blend opgevat moet
worden als bestaande uit 3 componenten: rubber, PP en olie.

Ternaire blends van rubber/PP/olie, zoals TPVs en SEBS/PP/olie, vertonen
opmerkelijk vergelijkbare eigenschappen voor dezelfde soort toepassingen. Zo worden
bijvoorbeeld beide blends gebruikt voor toepassingen onder de motorkap van auto’s,
“rack and pinion boots”, airbag afdekkingen en vele ‘soft touch’ toepassingen. Dit is
verrassend, omdat voorgaande studies hebben aangetoond dat beide blends een totaal
verschillende morfologie hebben. Aangezien morfologie gezien wordt als de
belangrijkste parameter, welke de eigenschappen van multi-fase polymere blends
bepaalt, is deze paradox moeilijk te begrijpen. De beperkte publieke toegankelijkheid

van informatie over dit soort blends vormt nog een probleem. Over TPVs is de meeste
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informatie beschikbaar, maar de meeste studies over TPVs zijn uitgevoerd aan relatief
harde monsters (meer dan 60 shore A) en zonder olie als derde component.

De vergelijkende studie aan EPDM/PP/olie-gebaseerde TPVs en SEBS/PP/olie-
blends, waarover verslag wordt gedaan in dit proefschrift, is een poging om meer licht te
laten schijnen op deze paradox. De ideale manier om dit probleem te benaderen is het
verrichten van een dieptestudie naar de morfologie, rheologie en eigenschappen van
deze systemen, zodat de relatie tussen deze parameters kan worden begrepen. In dit
proefschrift worden alleen de morfologie-studies en de mechanische eigenschappen
beschreven; de rheologische eigenschappen zullen worden beschreven in een
gerelateerd aanvullend proefschrift!".

Recentelijk zijn allerlei microscopische technieken beschikbaar gekomen om de
morfologie van polymere blends te bestuderen. Optische microscopie, Scanning
Electron microscopy, Atomic Force microscopy en Confocal Scanning Laser microscopy
worden allemaal veel gebruikt in de polymeer-wetenschap. Sommige van deze
technieken zijn een aanvulling op andere. Sommige vereisen een ingewikkelde
monstervooreibeiding en zijn erg gevoelig voor de hoeveelheid olie, die in het monster
aanwezig is. Een vergelijkende studie tussen verschillende microscopische technieken
wordt beschreven in hoofdstuk 3 van dit proefschrift. Twee technieken, die bij uitstek
toepasbaar blijken en veel gebruikt worden in dit proefschrift zijn: Low Voltage Scanning
Electron microscopy (LVSEM) en Transmission Electron microscopy (TEM).

De meeste TEM-afbeeldingen van de blends blijken voldoende om een beeld te
vormen van de morfologie. In sommige gevallen echter blijken TEM-afbeeldingen
misleidend te zijn. Dit is in het bijzonder het geval, als de hoeveelheid rubber ten
opzichte van de hoeveelheid PP relatief groot is, zoals in een 70/30 EPDM/PP-TPV.
TEM-afbeeldingen van zulke blends laten vaak een elastomere fase zien, die
aaneengesloten lijkt te zijn, wat niet verwacht mag worden vanwege de thermoplastische
verwerkbaarheid. Een manier om dit probleem op te lossen is Electron Tomography, een
techniek die veel gebruikt wordt in de biologie, maar nog niet in de
materiaalwetenschap. In dit proefschrift wordt het gebruik van Electron Tomography
beschreven voor het visualiseren van de driedimensionale morfologie van polymere
blends.

De volgende stap na het optimaliseren van de microscopietechniek is het
onderzoeken van de trek-rek eigenschappen van deze blends. Hoofdstuk 4 geeft een

overzicht van de vergelikende eigenschappen van deze blends. De eigenschappen
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blijken te variéren met zowel de samenstelling als met de blend bereidings-methode, dat
wil zeggen: mengen in een interne menger of in een dubbelschroefs-extruder. De trek-
rek curven blijken meestal hetzelfde voor beide blend types, behalve bij grote rekken,
waarbij de SEBS/PP/olie krommen duidelijk strain-hardening vertonen. De E-moduli zijn
voor beide blend types min of meer gelijk, wat erop duidt dat zij weinig afhankelijk zijn
van de morfologie. De waarden voor de treksterkte en de rek bij breuk vallen voor
SEBS/PP/olie blends hoger uit dan voor de TPV-analogen. Het gel-gehalte van de TPVs
blijkt hoger te zijn, wanneer deze bereid worden in de twin-screw extruder in vergelijking
met de interne menger. Het gehalte aan kristalliniteit van de PP-fase wordt beinvloed
door de blend bereidingsmethode, maar correleert niet met de trek-rek eigenschappen.

De trek-rek eigenschappen blijken ook afhankelijk te zijn van de olie-verdeling
tussen de PP- en de rubber-fase, zoals in hoofdstuk 5 wordt aangetoond. De waarden
voor de E-moduli kunnen in feite verklaard worden door gebruik te maken van
empirische modellen van Coran, Veenstra, Takayanagi en Kolarik, gebaseerd op de
eigenschappen van tweeledige PP-olie en rubber-olie fases, en de olie verdeling in elk
van beide fases. Helaas ontbreken in deze modellen parameters voor de blend-
morfologie, zodat de berekende waarden voor treksterkte en rek bij breuk slecht
overeenkomen met de experimentele waarden.

De meeste commerciéel verkrijgbare blends van deze twee types worden
gemaakt in een co-roterende dubbelschroefs-extruder en/of een interne menger.
Hoofdstuk 6 laat zien hoe de blend-morfologie zich ontwikkelt in deze mengers
gedurende het mengproces. In beide mengapparaten ontwikkelt de morfologie zich erg
snel en de allereerste veranderingen zijn nauwelijks waar te nemen. Voor TPVs ligt de
morfologie vast na dynamische vulkanisatie en deze verandert verder niet meer. Door
het homogenisatieproces, dat plaatsvindt bij lange mengtijden, wordt de deeltjesgrootte-
verdeling nauwer. De morfologie van SEBS/PP/olie blends daarentegen, is gevoeliger
voor veranderingen in mengtijd of veranderingen in de schroefconfiguratie van de
dubbelschroefs-extruder. De mate van co-continuiteit van de SEBS-fase blijkt hoger te
zijn in de transport-zones van de dubbelschroefs-extruder, waar meer coalescentie en
minder afbraak van de SEBS-fase wordt waargenomen. In de kneed-zones van de
dubbelschroefs-extruder wordt meer afbraak van de SEBS-domeinen geconstateerd,
wat leidt tot een lage co-continuiteit van de SEBS-fase.

In hoofdstuk 7 wordt het onderzoek beschreven naar verschillende andere

mogelijke factoren, die de morfologie kunnen beinvioeden. De onderzochte factoren zijn
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(1) de invloed van de crosslinking agent; (2) de invloed van de melt flow index van PP;
(3) de invloed van de mengsnelheid; (4) het effect van verschillende olie preblend-
methoden en (5) het effect van de mengtemperatuur. De eigenschappen van de blends
zouden kunnen veranderen door deze factoren, ook al wordt de morfologie door enkele
niet veranderd.

De algehele conclusie uit dit proefschrift is dat er verschillende belangrijke
factoren zijn, die de eigenschappen van thermoplastische elastomeren bepalen. Een
samenvatting wordt gegeven in Tabel 8.1. Morfologie is slechts één parameter van de
vele andere, die een invloed hebben op de eigenschappen. De meeste eigenschappen
bij kleine rekken: bijvoorbeeld de hardheid en E-modulus, zijn nogal ongevoelig voor
veranderingen in blend-morfologie. Het is dus niet verassend, dat ondanks de
verschillen in morfologie van de TPVs en de SEBS/PP/olie blends, de eigenschappen

voor vergelijkbare toepassingen dicht bij elkaar liggen.
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Samenvatting

Tabel 8.1 Samenvatting van de eigenschappen en belangrijkste invloeds-factoren

Eigenschappen

Factoren

Morfologie (1) Soort polymeer; (2) samenstelling; (3)
productiemethode; (4) configuratie van de
mengapparatuur, bv. kneed-blokken vs.
transport-blokken; (5) procescondities;

Hardheid Afhankelijk van (1) PP/(rubber + olie)
verhouding;

E-modulus Afhankelijk van (1) PP/(rubber + olie)
verhouding; (2)  olie-verdeling; (3)
morfologie (?);

Treksterkte Afhankelijk van (1) PP/(rubber + olie)

gehalte; (2) olie verdeling; (3) morfologie

Rek bij breuk

Afhankelijk van (1) rubber fase; (2)

morfologie;

Elastische eigenschappen

Afhankelijk van (1) crosslink-dichtheid van
de rubberfase; (2) PP/(rubber + olie)

verhouding;

Thermische eigenschappen

Afhankelijk van (1) PP-fase; (2) het soort

rubber;

Referentie

1. W. Sengers, Proefschrift Technische Universiteit Delft, in voorbereiding.
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List of symbols

A Parameter inversely proportional to extent of interfacial bonding in Kolarik
model

a Parameter related to volume fraction of PP in Veenstra models C and D

b Parameter related to volume fraction of rubber in Veenstra models C and D

A Amount of continuous crystalline fraction in the blend as used in
Takayanagi model

¥ Dimensions of a unit cube in Veenstra model A and B

K Capillary number

f Degree of co-continuity in the blend as used in Coran’s model

U Diffusion coefficient

D Drop diameter

E E-modulus

n Fitting parameter used in Coran’s model

) Gap between rotor tip and mixing chamber in internal mixer

v Interfacial tension

M Any mechanical property e.g. E-modulus or tensile strength

M, Mechanical property of amorphous fraction of the blend as defined by
Takayanagi model

M. Mechanical property of amorphous fraction of the blend as defined by
Takayanagi model

M(A) Mechanical property of the blend as calculated by Veenstra A model

M(B) Mechanical property of the blend as calculated by Veenstra B model

M(C) Mechanical property of the blend as calculated by Veenstra C model

M(D) Mechanical property of the blend as calculated by Veenstra D model

M, Mechanical property of the matrix phase

N Normal stress

K Oil distribution coefficient

Pe Peclet number

S Rotor speed

. Shear rate

/4

o Stress

TS Tensile strength
Viscosity

Viscosity ratio

SYES

Volume fraction
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Abbreviations

AFM Atomic force microscopy

BR Polybutadiene rubber

BSE Back scattered electrons

CCD Charged coupled device

BC-NMR Carbon Nuclear magnetic resonance spectroscopy
DCP Dicumyl peroxide

DMA Dynamic mechanical analysis

DOl Design of experiments

DRS Dielectric relaxation spectroscopy

DSC Differential scanning calorimetry

EBM Equivalent box model

ENB Ethylidine norbornene

EPDM Ethylene propylene diene rubber

ESR Electron spin resonance

"H-NMR Proton- nuclear magnetic resonance spectroscopy
LM Light microscopy

LVSEM Low voltage scanning electron microscopy
MFI Melt flow index

MLR Multiple regression analysis

NBR Acrylonitrile butadiene rubber

NR Natural rubber

OoDT Order-disorder temperature

PP Polypropylene

RPM Revolutions per minute

SBCs Styrenic block copolymers

SBR Styrene butadiene rubber

SBS Styrene-butadiene-styrene triblock copolymer
SEBS Styrene-(ethylene-butylene)-styrene triblock copolymer
SEM Scanning electron microscopy

SEPS Styrene-(ethylene-propylene)-styrene triblock copolymer
SIS Styrene-isoprene-styrene triblock copolymer
TAC Triallyl cyanurate

TEM Transmission electron microscopy

TPA Thermoplastic polyamides

TPEs Thermoplastic polyesters

TPEt Thermoplastic polyethers

TPO Thermoplastic polyolefins

TPUs Thermoplastic polyurethanes

TPVs Thermoplastic vulcanizates

uv Ultraviolet

WAXD Wide angle X-ray diffraction
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