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1.1 Background of the study

The world produces and consumes thousands of tons of polystyrene every day. The
enormous variety of application of polystyrene turned it into one of the most common plastic
in everyday life. The amount of waste generated continues to increase due to the
increasing population and development. Among these waste are food, paper and plastic, with
plastics representing 24% of overall wastes. Furthermore, due to lack of responsibility and
inefficient waste management, plastic waste has become a major source of environmental
pollution as plastic wastes can be found easily everywhere, destroying and polluting
environment. As a result, a big amount of polystyrene products ended up in the landfill as
waste, the products made from polystyrene donot break down and takes up a lot of space in
landfill. Their collection and recycling rate is rather smaller than the production and the

consumption rate of polystyrene around the world. [1-3].

Blending is a technique in which at least two polymers are added together to create a new
material with enhanced properties or reduced cost. It offers the advantage of reduced research
and development expense compared to the development of new monomers and polymers to
yield a similar property profile [4]. The role of polymer blend technology is pervasive in the
products of our everyday life. In the rapidly emerging technology, polymer blend can quickly
respond to the developing needs, much faster than the time needed in creating new monomer
or developing a new polymer. As a result, many researches have been done to explore the

advantages of the polymer blends.

Several polystyrene (PS) blends with other polymers such as high density polyethylene
(HDPE), polyamide 6 (PA6), and polycarbonate (PC) has been investigated [5- 7].
Polystyrene (PS) is a particularly attractive class of polymers due to their properties
such as high degree of hardness, excellent electrical properties, low moistureabsorption, and
ease of fabrication. Because of its low cost [8], the benefits of these polymer properties have
led to the wide range of usage especially in automobile interior parts, appliance housings,

packagings, food containers, etc.

Most of the physical blends are highly immiscible and this includes PS/SAN blend. Hence,
the constituents tend to form aggregates, resulting in separated phases that lead to

heterogeneous blends with poor adhesion at the interface, and therefore poor mechanical
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properties. It is also difficult to obtain a good dispersion in polymer blends. In order to
overcome the problem of an immiscible blend, some modifications of the interfaces or
compatibilization are then necessary to obtain useful polymeric products with desired
properties.

1.2 Problem statement

Blends of polystyrene (PS) and Styrene-co-acrylonitrile (SAN) are immiscible over the
whole composition range and they have consequently poor mechanical properties. An
amorphous blend such as PS/SAN is very sensitive to temperature above their Tg around
100°C and 110°C respectively, therefore, in order to improve the PS/SAN blend toughness,
miscibility and achieve better properties, the compatibilization process is usually necessary
[9,10]. With the addition of a third component on PS/SAN blends as compatibilizer, the
resulting material become rubbery and soft. Ideally, two or more polymers may be blended
together to achieve desirable combinations of characteristics and in our case are PS and SAN
blends. However, the main obstacle is to create a compatible blend of PS/SAN with a good

balance of mechanical, rheological and thermal properties.

Moreover, a comprehensive literature survey also revealed that no significant work has
been reported on PS/SAN especially on improving the compatibility and toughness of the
blends with SEBS as compatibilizer. Furthermore, one of the more conventional methods and
effective way for compatibilization of two polymers is by introducing the third component as
compatibilizer in the blend. Block or graft copolymers (with the same or similar structure to
blend components) are recommended as they are suitable as compatibilizer [11]. In this
present work the following new areas which are not being revealed and discussed in previous

researches will be presented

I. The use of SEBS as compatibilizer to improve the toughness and compatibility of blends in
different contents;

ii. The use of impact and tensile strength for the study of the mechanical behavior of PS/SAN
and recycled polystyrene (rPS)/SAN blends;

iii. To explore the effect of blend compositions by using DSC, DMTA and TGA as a tool to
study the dynamic mechanical properties, thermal stability;

iv. The use of rheometer (RPA) to study the rheological properties of PS/SAN, rPS/SAN
non-compatibilized and compatibilized blends;

v. Correlate changes in morphology behavior of the compatibilized blends with changes in

thermal, rheological, static as well as dynamic mechanical behaviour.

2
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1.3 Research Objective

The objectives of this research work have been achieved by carrying-out the study into two
stages. A first part is to study the effect of recycled polystyrene in PS/SAN blends without
compatibilizer and to analyse the changes in their properties. The idea was to see how the
recycled PS affects the mechanical, rheological and thermal properties of blends and to
compare with their morphology behavior versus pure polystyrene. In short, to determine if it s
worth or not the recycling of polystyrene.

The study on the effect of compatibilizer SEBS in the PS/SAN, rPS/SAN blends and to

improve the toughness of blends will be conducted in the second stage.
Overall, the objectives of this study are:

a) Improving the compatibility and toughness of PS/SAN and recycled PS/SAN blends

b) To study the effect of compatibilizer on mechanical, thermal and rheological as well as
dynamic mechanical properties of PS/SAN, rPS/SAN blends.

c) To correlate changes in structure and morphology of the compatibilized blends with
changes in thermal, rheological, as well as dynamic mechanical behavior.

d) To examine the optimum composition of blend using different amount of compatibilizer.

e) To compare the performance of recycled

compatibilized PS/SAN blends with therecycled PS

and original PS
1.4 Scopes of research

This research involved the preparation of samples (noncompatibilized and compatibilized
PS/SAN and PS/SAN/SEBS blends) including the following stages:

I Dry blending;
ii. Melt blending of Samples.

A Brabender internal mixer was used to produce pellets for both PS/SAN, rPS/SAN blends
followed by compression moulding process to prepare test specimens according to the ASTM
testing standard. The content of PS was 0, 30, 50, 70, 100 wt%. The SEBS as compatibilizer
was added into PS/SAN. The ratios of SEBS were variedfrom 0 to 15 phr.

The tests below were done for characterization of the samples In order to achieve the

objectives:
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1) Mechanical properties of PS/SAN blends with varying percentages of PS, and
compatibilizers SEBS were determined, especifically,
a) Tensile Properties (including tensile strength, modulus and elongation at break);
b) Impact Properties.

2) Fourier Transform Infrared Spectroscopy (FTIR) was done to characterize the
composition and functional group in compatibilized PS/SAN/SEBS blend.

3) Scanning Electron Microscopy (SEM) was carried out to examine the phase
morphology of the noncompatibilized and compatibilized PS/SAN blends.

4) Differential scanning calorimetery (DSC) was used to investigate the compatibility of
the sample by obtaining the glass transition temperature (Tg);

5) Thermogravimetric Analysis (TGA) was done to determine the thermal stability and
thermal decomposition of the blends;

6) Rheological studies (RPA) were used to investigate the rheologicalparameters of
polymer blends;

7) Thermal dynamic mechanical Properties (DMTA) (including storage modulus, loss

modulusand tan d).

1.5 Outline of Thesis Structure
This dissertation is divided into five chapters including the present one.

Chapter 1 is an introduction of the study with the background, problems statement,

objectives and scope of the thesis.

Chapter 2 provides a literature review on polymer blending, particularly those that are
closely related to this work.

Chapter 3 describes step-by step the experimental procedures employed. A detailed
description of the experimental methodology is presented, which includes, sample preparation
methods such as the mechanical testing, thermal investigation, morphological analysis and

rheological analysis of PS/SAN blends and detailed description of the instruments used.
Chapter 4 reports the results and discusses the findings.

Chapter 5 presents the general conclusion and a summary of the key results of this thesis

and a list of recommendations for future works.
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Chapter 11. Polymer blends and Compatibilization Strategies

I1.1. Introduction

The preparation of polymer blends is now the most suitable strategy from the point of view of
price and time for obtaining new materials since it is less expensive and faster to mix
polymers than to develop monomers or new methods of polymerization. Polymer blends also
offer the opportunity to obtain a wide range of characteristics and properties by just
changing the composition of the combined polymers. Also, the main objectives of the
materials obtained through polymer blends are to meet several requirements that may be

necessary for manufacturers.
Polymer blending has many advantages, including the following:
Fabrication of new materials with desired properties ;
Development of new materials in a cost effective manner ;

Better processability of materials ;

Tuning of final properties by controlling the morphologies ;

>
>
>
» Developing materials with combined properties of two or more polymers ;
>
» Method of recycling of plastic waste ;

>

Enhancement of the product performance to meet the rising customer needs ;

» Adjustment of performance requirements of consumer at a lower price ;

» Optimization of composition to suit the requirement [1].

Ideally, two or more polymers can be blended to form a wide variety of
morphologies, statistical or structured, in order to obtain products that potentially should
provide desirable combinations of characteristics. But in practice, it is very difficult to
have these potential combinations through simple mixtures, because of some fundamental
and inherent problems and situations at the interface which make the achievement of mixtures
less profitable. Frequently, both polymers are thermodynamically immiscible, which excludes
generation of homogeneous products. This is not often a problem since it is generally wanted
tohave products in two phases, but for this it is imperative that the synergistic nature of
the Products must be revealed. Thus, the control of thermodynamic laws that govern

these systems is the key to the understanding o f their behavior and properties [2].




POLYMER BLENDS AND COMPATIBILIZATIONSTRATEGIES Q¥:LV¥:9!1

11.2 Polymer blend terminology

Polymer blends can be divided into different types considering the miscibility, immiscibility,
partial miscibility and compatibility of the components [3]. In this context, it is appropriate to
clarify some therminology used in the field of polymer blends.The nomenclature adopted

shows the interdependence (Figure I) of common terms defined by Utraki [4-5].

a) Miscible : It is considered to be the level of mixing of polymeric constituents of a blend
yielding a material which exhibits the properties expected from a single phase material.
Polymer blends which are homogeneous down to the molecular level are associated with the

negative value of free energy of mixing: AG mix = AH mix <0.

b) Immiscibility: A blend is considered immiscible if it is separated into phases
composed by the individual constituents. Phase separation is also established from
thermodynamic relationships. An immiscible polymer blend can be defined as the blend that
does not comply with the thermodynamic conditions of phase stability. Any polymer blend

whose AG mix = AH mix >0

c) Partial miscibility : A blend is considered partially miscible if there exists phase separation
but each polymer rich phase contains a sufficient amount of the other polymer to alter the
properties of that phase.

e) Compatible polymer blend : Term to be avoided ! visibly homogeneous polymer mixture,
A term indicating a commercially attractive polymer mixture with enhanced physical

properties over the constituent polymers.

f) Polymer alloy: An immiscible polymer blend having a modified interface and/or

morphology.
1.3 Thermodynamic of Polymer Blends

Mixing of two polymers can produce either a homogeneous mixture at the molecular

level or a heterogeneous separated phase blend [3].
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Figure 11.1 : Interrelations in polymer blend nomenclature.

At the equilibrium, a blend of two amorphous polymers can exist as one phase in

which th e segments of the two macromolecular components are mixed, or as two

separate phases, each consisting essentially of a different polymer. The most important

relationship governing mixtures of dissimilar components 1 and 2 is equation (11.1)

AG mix = AH mix — TAS mix

Where AH mix is the enthalpy of mixing,

(Eq.1)

T is the absolute temperature, and AS mix is the entropy of mixing

Where AH mix is the entalpy of interaction ; is the energy part linked to interactions.

AS mix is combinatorial entropy ; this is related to conformation and disorder

AGmix must also satisfy a second condition which ensures the miscibility and prevents

phase separation:

The thermodynamic driving force for mixing is minimisation of AG nix. Thus if the free

energy is positive, the system is immiscible. While for small molecules the entropy is

high enough to ensure miscibility, for polymers the entropy is almost zero, causing

enthalpy to be decisive in determining miscibility. For spontaneous mixing, AG nix must

be negative, and so

10
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AH mix = TAS mix < O (Eq.Z)

For complete miscibility to occur, a negative free energy of mixing is necessary but
not sufficient. Equation above shows that AG mix for a binary mixture can vary with

composition in several ways [6]:
1) Complete immiscibility exists if AG mix is positive

i) Complete miscibility exists only if

AG mix< 0 (Eq.3)
And for that, the second derivative of AG
mix with respect to the volume fraction of either

component must be greater than zero over the whole composition range.

0*(AGnm)
(o)., > (Ea

where: @i — the volume fraction of component, T and p - temperature and pressure of

the system.

Most of the binary systems have the Gibbs energy of mixing higher than 0 and they do not
form homogenous mixtures. AHm is the main parameter influencing the miscibility of
polymers (as AHm depends on the interactions occurring between components), while the
contribution of ASm is smaller (as ASm depends on the number of rearrangements and
decreases with increasing the molar mass) [6]. This is differentfrom the solutions of
low-molecular weight compounds where the entropy of mixing is thepredominating factor. As
ASm is relatively small in comparison with AHm, only the blends with AHm negative or very
near zero are going to be miscible. The mixing is exothermic only if strong interaction
occurs between components. Therefore, only the polymers with attractive interactions
between molecules of the components or very similar on the molecular level can be miscible
[7, 8].

11.4 Methods of Polymer Blending

The majority of polymer pairs are immiscible. The phase structure of polymer blends is not
in equilibrium and depends on the process of their preparation. Two different methods are

used for the preparation of the polymer blends: melt blending, and solution blending [9].

11
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11.4.1 Solution Blending

In this method, the polymers are dissolved in a common solvent. Blend is produced by
evaporating the solvent and precipitating the resulting polymer mixture. The advantage of this
technique is the quick mixing of the blend components without high demand of
energy and hence no chance of crosslinking, degradation or chemical decomposition.
The use of this method is limited due to the difficulty of finding a suitable co -solvent for the
components of the blend and then to evaporate large quantities of organic solvent which are
mostly environment unfriendly [10]. This technique is, therefore, used in industry only for
preparation of paints, surface layers and thin membranes. Because of the limited use of this
method, the method used in this study will be melt blending.

11.4.2 Melt Blending

Melt mixing is the most widespread method of polymer blend preparation in practice. The
blend components are mixed in the molten state in extruders or batch mixers [11]. High shear
mixers can generate fine dispersions with droplet diameters smaller than 1 micrometer
[12]. Once the ingredients have been fed in the correct proportions into the mixing device
hopper, typically an extruder, the polymers and/or additives must be homogeneously blended
together. This requires that the polymers be in the molten state. The mixing device melts the
polymers, provides a means for mixing, and generates pressure  for subsequent
operations such as making film when in-line mixing and pelletizing when compounding. The
main advantages of the method are well-defined components and universality of mixing
devices—the same extruders or batch mixers can be used for a wide range of polymer blends.
Drawbacks of the method are high energy consumption and possible unfavorable chemical
changes of blend components. Mixing is described as either distributive or dispersive as it is

illustrated in (Figure 11.2).

In distributive mixing, the polymer is rearranged by deformation. Separation and
rearrangement of flow and kneading are two examples of distributive mixing. In

dispersive mixing, particles are broken up and dispersed within the polymer matrix.

12
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Figure 11.2: Distributive and dispersive mixing.

Mixing in melt blending is very important in the formation of the final blend
morphology. Melt mixing is a complex process involving melting of the solid pellets,
distributive mixing (particle elongation), dispersive mixing and droplet coalescence [13]. In
order to gain superior properties, both good dispersion and good distribution of the dispersed
phase in the matrix are necessary. A good distributive mixing can be achieved by providing
convoluted flow paths that split and reorient the flow repeatedly. A good dispersive
mixing can be achieved by passing the mixture through small regions of intense deformation
[11-14].

For example, although the PS, SAN, and PS/SAN blends systems presented in this study
are known and have been reported to be theoretically immiscible [15], they could be rendered
compatible by addition of a suitable compabilizer, with the resultant blend achieving excellent
properties. Thus, in this research, a blend is considered compatible if it exhibits a set of
properties which are desirable and useful, regardless of whether the blend has complete or

partial miscibility, or due to the application of a suitable compatibilization technique.

1.5 Miscibility of Polymer Blends

In miscible blends, the chain segments of the two polymers are miscible on a molecular
level. Such blends have only a single glass transition temperature (Tg), which mainly
depends on the composition (Fig 11.3a). A well-known example o f a blend which is
miscible over a very wide temperature range and in all compositions is PS / PPO that
combines the heat resistance, the inflammability and the toughness of PPO with the good

processability and low cost of PS [16-21].

13
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Figure 11.3 The correlation between glass transition temperature Tg, composition and the
morphology of the blend; (a) miscible blend, (b) partially miscible blend, and (c) immiscible

As shown in Fig 11.3a, this type of blend exhibits a single glass transition temperature
(Tg), which is between the Tgs of both blend components in a close relation to the blend
composition [22]. A system that is either partially miscible such as PS and poly(styrene-co-
bromostyrene) PBrS [24], or completely immiscible such as PS/PP and PS/PE [23], but
offers attractive performances, is often designated as a compatible polymer blend.
These blends usually have two glass transition temperatures, which may slightly deviate
from the Tg of the blend components (Fig 11.3b and Fig 11.3c). The deviation of the glass
transition temperatures from the Tg of the pure components might be different and
depends onthe partial miscibility of each component in the other. On a microscopic scale
these polymer blends have a phase-separated structure (morphology), which could be of
different nature (sphere, cylinder, or lamellar) depending on the composition ofthe
blends. Usually the major component forms the matrix phase, wherein domains of the minor
phase are dispersed. The size of the dispersed domain is related to the interfacial tension and

viscosity ratio between the matrix and dispersed phase [25].

11.6 Factors affecting miscibility of polymer blends

Some of the factors which affect the miscibility and immiscibility of the polymer blends are

discussed over here.

14
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11.6.1) Blend ratio

Two polymers appear immiscible when high amounts of both components. However, it is
possible that a small amount of one polymer may be soluble in a large amount of the other
polymer, as understood in conventional phase rules. This consideration is very important in

natural compatibility [26].
11.6.2) Polarity

Polarity of constituent polymers plays decisive role in miscibility of polymer blends.
Polymers with a similar structure or similar polarity are less likely to repel each other, and
therefore more likely to form miscible blends [27, 28]. Differences in polarities usually

produce immiscibility.
11.6.3) Specific interaction

Polymer that are drawn to each other by hydrogen bonding, acid-base, charge transfer, ion-
dipole and donor-acceptor adducts. When these attractions occur they tend to produce
miscibility [29,30].

11.6.4) Molecular weight

Normally, lower molecular weight permits greater randomization on mixing and therefore
greater gain of entropy, which favors miscibility [31,32]. The polymers with similar
molecular weights are more miscible, whereas polymers with different molecular weights

may be immiscible, even if they both have the same composition.
11.6.5) Crystallinity

When a polymer crystallizes, it forms a two-phase system. Thus, in a polymer blend
when a polymer crystallizes, this adds another phase to the system. If both polymers
in a blend crystallize, they will usually form two separate crystalline phases; it is quite rare

for the two polymers to cocrystallize in a single crystalline phase [33].

11.7 Blend Morphology

A blend of polymers is mostly immiscible, whose properties are not only a function of
blend composition but also depend crucially on the degree of dispersion, phase particle size,
and phase interaction between the components of the blend. Controlling the morphology is
therefore the control of polymer blend properties [34, 35]. Immiscible blends are
characterized by poor mechanical properties coming from weak interfacial adhesion between
the phases and/or stress concentrations at interface boundaries [36,37]. Several strategies

have

e
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been employed to overcome this and improve blend compatibility, such as chemical
modifications, addition of block copolymers. Immiscible polymer blends exhibit different
morphologies, such as nodular, lamellar or co-continuous structure [38]. (Fig.ll 2).

1) Nodular to fibrillar morphologies:

When one of two polymers is strongly in minority, it is dispersed in the form of inclusions in
the matrix consisting of the majority polymer. Depending on the parameters and properties of
the polymers in the blend, the nodules may have a spherical, cylindrical or lamellar structure

as shown in Fig 1.4 (a, c and d).

Figure 11.4 lllustration of the different types morphologies of immiscible blends.

a) Nodular (dispersed); b) co-continuous; c) fibrilar; d) lamellar [39].

i) Co-continuous morphologies:

If we increase the volume fraction of the polymer minority, we obtain a co-continuous
structure composed of two interpenetrating phases. The developing morphology in
immiscible binary polymer blends can be classified into disperse/matrix or co-
continuous structures (Fig 11.4), where the maximum co-continuity of the blends means
the concentration of phase inversion. However, most polymers are not compatible with
each other, thus a suitable copolymer or a compatibilizer that contains functional

groups to establish interactions with the phases is needed to achieve good miscibility

e
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between the phases. This addition results in finer blend morphology as well as improved
physical and mechanical properties.

The majority of polymers are immiscible and need to be compatibilized. Developing a
homogeneous blend system to achieve useful properties soon became the promisingé&é

* direction of research. It was discovered that some polymer pairs were completely

miscible to give a homogeneous single phase. [40].

11.8 Compatibilization of polymer blends

From a commercial point of view, the properties of manufactured items must be
stable and reproducible. However, the change in morphology with the processing conditions
and phase separation with aging are characteristics of heterogeneous systems that may
deteriorate the privileged position of polymer blends on the market. To be safe from this
disagreable situation, the manufacturer must find polymers that can tolerate changes in
processing and transportation conditions and, therefore, materials that behave like
homopolymers on storage.

The first solution is to seek miscible systems with superior properties in terms of
processing conditions and performance. But, practically, heterophasic systems are by far the
most attractive; the dispersed phase often improves the impact resistance and always gives a
strengthening effect. As a result, it is better to produce heterophasic systems which are stable
and reproducible as the corresponding homopolymers. For this, the safest way is to stabilize
these phases by compatibilization, which can be achieved by numerous ways which have
been proved in obtaining successful polymer alloys. Stabilization of heterogeneous systems is

done primarily by overcoming the interface problems [41].
11.9 Interphase and interfacial phenomena in polymer blends

By definition, a multiphase system has two or more phases. The most frequent is the system
composed of two phases; one is the continuous phase, or matrix, in whichthe other
phase is dispersed. Interfaces always appear between phases regardless of the system under
study (a mineral-reinforced composite material or a polymer blend), and the fact that a
material has properties that necessarily reflect those of its constituents and the interface. It
also appears that to better understand the final properties of a multiphase system,

17
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it is essential to take into account the interfacial region. It is also important to recognize that
the interfacial zone can be extended to the thickness of the layer where the properties are
different from bulk properties of each constituent. Therefore, in the vicinity of interfaces, an
area of special structure (which is different from the two polymers in contact, but still
dependent on them), is formed with a thickness Al ranging from a few nanometers to a few
hundred nanometers [1]. This area provides phase continuity condition and any kind of
transfer between the continuous and dispersed phases. It is defined by the term
interphase. The interphase can be considered as a third phase with its own
characteristics and region of interdiffusion of the two types of macromolecules. Its
stabilization results in the performance reproducibility, better processing conditions and
recyclability of materials. In general, the mobility of segments in the interphase is slow and its
thickness depends on the thermodynamic interactions of the macromolecular segment size,
and the composition. Consequently, the interphase layer is not a homogeneous entity but a

complex of micro and macro heterogeneities.

Interphase Interphase after compatibilisation

A

'élx(;_\:

[ iy NI

Phase A Phase B Phase A Phase B
Sl
AT
|
~_/
(a) (b)

Figure 11.5: (a) Configuration of a perfect block copolymer at the interface between two
phases of polymers A and B. (b) promotion of an interphase between the phases A and B in
the presence of a compatibilizer [42].

For all these reasons, we can conclude that in polymer technology, the concept of
interface / interphase is the point of interest and its study is the key of the problems presented
by heterophasic systems. Thus, discussing a product's performance means the discussion
of the dispersion, morphology and adhesion between the different phases, and these are all
related to the properties of the interfacial region. It was confirmed that the interphase
thickness Al varies from 2 to 60 nm [42].

e
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The first value is typical of immiscible polymer pairs and antagonists while the second is
valid for polymer alloys compatibilized through reactive ways. For these systems, it has been
proved that Al increases with the annealing time up to a constant value. This value
depends heavily on system, temperature and concentration of reactive sites. This
equilibrium value ranges from 10-50 nm, whereas the thickness of the interphase is only 6-

8 nm when adding a block copolymer [42].

The interphase is characterized by two important parameters, including the coefficient
of interfacial tension and adhesion area. The interfacial tension coefficient depends
strongly on the structure of the polymers composing the mixture and this is inversely
proportional to the thickness Al of the interphase. Also, adhesion domain is based on the size
and deformability of the interphase [41]. Typical cases that can generally be encountered
when carrying out any combination are a high interfacial tension, or very low interfacial
adhesion between the two phases. The interfacial tension contributes to the inherent
difficulty to obtain a desired degree of dispersion, and thus unstable mixtures which can
subsequently lead to separations or stratification process.

Furthermore, poor adhesion leads to very poor mechanical behavior as it may also prevent
certain morphologies which are highly structured [43]. Thus it is imperative to consider the
interphase as the key parameter and always make a change in its thickness and structure when
the components of a blend are thermodynamically immiscible and this leads to the concept of
multiphase system compatibilization. The operation of compatibilization can control the state
of phase separation of a mixture in order to better respond to the problem of high interfacial
tension which is manifested by the difficulty of mixing and also leads directly to poor
interfacial adhesion. Thus, by replacing the clear interface by interfacial areas with blurred
boundaries, which is a continuation property of the phases of the system,
compatibilization helps in the achievement of synergy between the characteristics of the

various constituents [42].

Furthermore, the existence of physical or chemical interactions along this area
controls all performance of polymer blends and composites. Strong interactions provide good
adhesion and a very effective stress transfer from the continuous phase to the dispersed phase.
But in the absence of these interactions or if they are weak, the use of a compatibilizer is
needed [44].

19
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11.10 Compatibilization of polymer blends

Compatibilization is a process of modification of the interfacial properties in an
immiscible polymer blend that results in the formation of the interphases and stabilization of
the morphology [45]. As it follows from thermodynamics, the blends of immiscible polymers
obtained by simple mixing show a strong separation tendency, leading to a coarse structure
and low interfacial adhesion. The final material then shows poor mechanical properties. On
the other hand, the immiscibility or limited miscibility of polymers enables the formation of
wide range structures, some of which, if stabilized, can impart excellent end-use properties to

the final material [46-48]. The essential roles and functions of compatibilization are to:

» Reduce the interfacial tension and improve adhesion between phases which facilitates a
fine dispersion ;

» Stabilization of morphology in order to avoid its evolution during the subsequent
processes of transformation of the material;

> Increased adhesion between differents phases in the solid state to promote in particular
stress transfer between phases and therefore improve the mechanical properties of the
blends [49,50].

Thus, the refinement and stabilization of the morphology and the increase in interfacial
adhesion can often promote a material with industrial interest, for which the beneficial

properties of both components are utilised and deficiencies are effectively hidden.
Il. 11 Compatibilizers in polymer blends
11.11.1 How a compatibilizer functions

Compatibilizers are used to allow blending of immiscible polymers, creating a
homogenous blend. Immiscible materials, form two phases when mixed together. A
compatibilizer works like a surfactant, reducing the interfacial tension between two
incompatible polymers and allowing the incompatible materials to blend. While the
blend is still in two phases, the compatibilizer allows mixing and stability of the two phases
to such an extent that the polymers behave as if they were partially miscible.
The compatibilizer typically is a block copolymer. Each block interacts with one of the other
polymers in the blend. The copolymers can assemble at the interface with one block in

either material, providing a stitching across the interface (Figure 11.6).
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These macromolecular surfactants reduce surface tension (promoting droplet breakup) and
provide steric stabilization to droplets (preventing coalescence), leading to finer dispersion
(Figure 11.7). [51]. Finally, block copolymer compatibilizers increase the energy of adhesion

by entangling with homopolymers of both component materials.

o

Figure 11.6 Schematic of block copolymer at the interface of an immiscible polymer blend.

During the melt mixing procedure the compatibilizer reduces the interfacial tension
between the immiscible polymers, which results in a significant size reduction of the

dispersed domains. Since the surface of the domain is covered by the compatibilizer

* coalescence
inhibited

Figure 11.7 Schematic of droplet breakup and coalescence in compatibilized and non-
compatibilized blends. [51].

the coalescence rate of the dispersed domain is tremendously reduced, which is helpful to
keep the morphology of the material stable during the processing steps. [52-53] Thus
the compatibilizers are able to generate and to stabilize a finer morphology.

21



POLYMER BLENDS AND COMPATIBILIZATIONSTRATEGIES Q¥:LV¥:9!1

The compatibilization strategies of polymer blends are different and their choice is
intimately related to the structure of the mixed materials and the existence of the adequate
equipment for achieving the desired blend. Two general methods used for compatibilization
of immiscible systems. The first type is a reactive compatibilizer and the second type, which
is the aim of this study, is a non-reactive third component, detailed in the following in this

section.

11.11.2 Reactive Compatibilization

Reactive compatibilization is used to create block or graft copolymers at the interface of
blends during melt mixing. In this method, complimentary functional groups are attached to a
small number of chains for each of the homopolymers. During melt mixing, these functional
groups can come to the interface and react to form block copolymers, which are thereby
localized at the interface instead of residing in micelles (Figure 11.8). Interfacial localization
and the relatively inexpensive process of adding functional groups (compared to making
premade block copolymer) are the main advantages of this strategy [54]. The conditions for
reactive processing require that there is:

1) Sufficient dispersive and distributive mixing to ascertain required renewal of the interface;
i) Presence of a reactive functionality, capable to react across the interphase;

iii) Sufficient reaction rate making it possible to produce sufficient quantity of the

compatibilizing copolymer within the residence time of the processing unit;
iv) Stability of the formed chemical structures; and

v) Stability of the morphology.

X
e

© % .| O

(® &

Figure 11.8 Schematic for reactive compatibilization. X and Y represent complementary

functional groups that react at the interface in melt processing to form block copolymer.
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During the reactive processing, during extrusion or injection molding, block or graft
copolymers are usually formed. The chemical reaction leads to covalent or, less frequently,
ionic bonds [53].

11.11.3 Non-reactive Compatibilization

This has been the most common method of compatibilization, and consists on the addition of
a third component in an immiscible system. In most cases, such an additive is either a
block or a graft copolymer. Since the key requirement is miscibility, it is not
necessary for the copolymer to have identical chain segments as those of the main
polymers. It suffices that the copolymer has segments having specific interactions with the
main polymeric components such as hydrogen bonding, dipole-dipole interaction, or dipole-
ionic interaction [54]. Theoretical calculations suggest that efficiency of a compatibilizer
increases with its molecular weight. However, thermodynamics requires that the added
copolymer not only concentrates in the interphase (Figure 11.6), but also dissolves in both
phases, where it may form micelles. It is essential that the compatibilizer is designed to
migrate to the interface, broadening the segmental concentration profile. Addition of a block
or graft copolymer reduces the interfacial tension and alters the molecular structure at the

interface.

One of the drawbacks of this method is the tendency of the added copolymers to
form micelles. These reduce the efficiency of the compatibilizer, increase the blend viscosity
and may lessen the mechanical performance. For these reasons, the copolymer must be

designed in such a way as to:

(i) Maximize miscibility of the appropriate part of its macromolecule with the specific

polymeric component of the blend,

(i) Minimize its molecular weight just to about the entanglement molecular weight for each
interacting block,
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Interface

Figure 11.9 Schematic representation of copolymers at the interface of a mixture

(iii) Minimize copolymer concentration in the blend. Addition of 0.5 to 2 wt% of well-

designed, tapered block copolymer has been found sufficient [54].

While reduction of the interfacial tension is relatively simple, the two other functions
(stabilization of morphology and improvement of interfacial adhesion in the solid state)
rarely are simultaneously achieved. Often, a combination of compatibilizers, or use of other
strategies, e.g. crosslinking of one of the three phases (by chemical, thermal or

irradiation treatment), may be more appropriate [55].
11.12 Conclusion

With the intensification of the use of polymer blends in applications where the use of a
homopolymer does not provide all the required properties, it is becoming increasingly
important to further accentuate the research to overcome the problem of immiscibility which
is the major limitation to many applications of these materials. Compatibilization techniques
are different and they all target a common goal. However, the suitability of a method to a
specific industrial development depends on many factors such as price, the final performance,

recyclability and the possibility of biodegradability of the mixture.
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The non-reactive compatibilization requires materials designed according to stringent
specifications that make their syntheses excessively costly. Thus, the reactive
compatibilization is more attractive in terms of price and equipment. However, control of the
kinetics of the reactive system must be subjected to extreme conditions to ensure a better
selectivity and prevent chemical degradation reactions which can produce undesirable effects

on the final properties of the mixture.

For these reasons, science and technology of polymer blends and their compatibilization will
continue to grow in the future. Efforts will continue to further refine compatibilization

processes to continually improve the desired properties of these materials.

25



POLYMER BLENDS AND COMPATIBILIZATIONSTRATEGIES Q¥:LV¥:9!1

References

[1] L. A. Utracki, —Commercial Polymer Blendsl, (1998). Ed. Chapman and Hall, New York pp 21

[2] D.R. Paul, (1978) « Chapter 12 - Interfacial Agents (“Compatibilizers”) for Polymer Blends », polymer
blends. Acadamic pres. New York, p35-62, doi.org/10.1016/B978-0-12-546802-2.50008-7

[3] C.I.W. Calcagno, C.M. Mariani, S.R. Teixeira, R.S. Mauler (2008), «The role of the MMT on the
morphology and mechanical properties of the PP/PET blends, Compos. Sci. Technol. 68 (10-11)
2193-2200. doi.org/10.1016/j.compscitech.2008.03.012.

[4] S.-L. Bai, G.-T. Wang, J.-M. Hiver, C. G’Sell, (2004) «Microstructures and mechanical properties of
polypropylene/polyamide 6/polyethelene-octene elastomer blends», Polymer 45 (9), 3063-3071.
/doi.org/10.1016/j.polymer.2004.02.070.

[5] J.S. Higgins, M. Tambasco, J.E.G. Lipson, (2005) « Polymer blends; stretching what we can learn
through the combination of experiment and theory », Prog. Polym. Sci. 30 (8-9), 832-843.
doi.org/10.1016/j.progpolymsci.2005.06.001.

[6] Ming, X. Hankun, (1991) « Miscibility and morphology in block copolymer/homopolymer blends »,
Prog. Polym. Sci. 16 (6) 977-1026. doi.org/10.1016/0079-6700(91)90002-3.

[7] C.R. Lopez-Barron, C.W. Macosko, (2014) « Rheology of compatibilized immiscible blends with
droplet-matrix and cocontinuous morphologies during coarsening », J. Rheol. 58 (6) 1935-1953.
doi.org/10.1122/1.4897409.

[8] J. Li, P.L. Ma, B.D. Favis,(2002) « The role of the blend interface type on morphology in cocontinuous
polymer blends », Macromolecules 35 (6) 2005-2016. doi.org/10.1021/ma010104+

[9] P. Med eric, J. Ville, J. Huitric, (2011) « Effect of processing procedures and conditions on structural,
morphological, and rheological properties of polyethylene/polyamide/nanoclay blends», Polym. Eng. Sci.
51 (5) 969-978. doi.org/10.1002/pen.21825.

[10] M. Minale, P. Moldenaers, J. Mewis, (1997) « Effect of shear history on the morphology of immiscible
polymer blends », Macromolecules 30 (18) 5470-5475. doi.org/10.1021/ma9617330

[11] D.P. Dharaiya, S.C. Jana, (2005) « Nanoclay-induced morphology development in chaotic mixing of
immiscible polymers », J. Polym. Sci. Part B Polym. Phys. 43 (24) 3638-3651.
doi.org/10.1002/polb.20657.

[12] P. Van Puyvelde, S. Velankar, P. Moldenaers,(2001) « Rheology and morphology of compatibilized
polymer blends », Curr. Opin. Colloid & Interface Sci. 6 (5-6) 457-463. doi.org/10.1016/S1359-
0294(01)00113-3.

26


https://doi.org/10.1016/B978-0-12-546802-2.50008-7
https://doi.org/10.1016/j.compscitech.2008.03.012
https://doi.org/10.1016/j.polymer.2004.02.070
https://doi.org/10.1016/j.progpolymsci.2005.06.001
https://doi.org/10.1016/0079-6700(91)90002-3
https://doi.org/10.1021/ma010104+
https://doi.org/10.1002/pen.21825
https://doi.org/10.1021/ma9617330
https://doi.org/10.1002/polb.20657
https://doi.org/10.1016/S1359-0294(01)00113-3
https://doi.org/10.1016/S1359-0294(01)00113-3

POLYMER BLENDS AND COMPATIBILIZATIONSTRATEGIES Q¥:LV¥:9!1

[13] S. Cho, J.S. Hong, S.J. Lee, K.H. Ahn, J.A. Covas, J.M. Maia, (2011) « Morphology and rheology of
polypropylene/polystyrene/clay nanocomposites in batch and continuous melt mixing processes, Macromol.
Mater. Eng. 296 (3-4) 341-348. doi.org/10.1002/mame.201000194.

[14] C.W. Macosko, H.K. Jeon, T.R. Hoye, (2005) « Reactions at polymerepolymer interfaces for blend
compatibilization », Prog. Polym. Sci. 30 (8-9) (2005) 939-947.
doi.org/10.1016/j.progpolymsci.2005.06.003

[15] K. Bedjaoui. R. Krache . A. Marcos-Fernandez. M. Guessoum. (2019) « The effect of
compatibilizer SEBS on the mechanical, morphological and thermal properties of the polystyrene/poly
(styrene-co-acrylonitrile) copolymer blends ». Mater. Res. Express, 6, 105334.

[16] J. Stoelting ., F. Karasz. E., MacKnight, W. J., Polym. Eng. Sci., 19 7, 10,133.

[17] D. Lefebvre. B. Jasse. L. Monnerie. (1981) « Fourier transform infra-red study of uniaxially oriented
poly(2,6-dimethyl 1,4-phenylene oxide)-atactic polystyrene blends» Polymer, 22 (12), 1616.1620.
doi.org/10.1016/0032-3861(81)90374-8.

[18] W. Prest. M., Porter, R. S., J. Polym. Sci., Polym. Phys. Ed, (1972), 10, 163
[19] A.R. Shultz, B. M. Gendron., J. Appl. Polym. Sci., (1972), 16,461.
[20] A.R. Shultz., Gendron B. M., Polym. Preprint, Am. Chem. Soc., Div. Polym. Chem., (1973), 14, 571.

[21] Y. Agari., M. Shimada., Veda A. Polymer (1997), 38, 2649. doi.org/10.1016/S0032-3861(97)85598-X

[22] J. Brandrup., E.H. Immergut, E.A. Grulke. Polymer handbook; Wiley: New York, 1999; Vol. 4.

[23] F. Bruder., R. Brenn., B. Stuhn, B. (1989) « Interdiffusion in the partially miscible polymerblend of
deuterated polystyrene and poly(styrene-co-bromostyrene) ». Macromolecules, 22, 4434-4437.

[24] J. Pospil, Z. Horak. Z. Kruli (1999) « Degradation and aging of polymer blends I. Thermomechanical
and thermal degradation ». Polymer Degradation and Stability, 65, 405-414. doi.org/10.1016/S0141-
3910(99)00029-4

[25] L. Reimer. (1998) Scanning Electron Microscopy Physics of Image Formation and
Microanalysis, ch. 1, p. 2, Springer Press, Berlin.

[26] L. A. Utracki. Polymer blends handbook, Verlag: Springer, (2002).
[27] S.N. Angove. Rubber J., 149, 37 (1967)

[28] M. Xanthos and S. S. Dagli, (1991) « Compatibilization of polymer blends by reactive processing »,
Polym. Eng. Sci., 31, (13), 929-935. doi.org/10.1002/pen.760311302

[29] N. G. Gaylord, (1989) « Compatibilizing agents: structure and function in polyblends,I J. Macromol.
Sci. Part - Chem. 26, (8). 1211-1229. doi.org/10.1080/00222338908052043

[30] R. L. Markham. Advance Polymerization Tech., 10, 231 (1991).

e
27


https://doi.org/10.1002/mame.201000194
https://doi.org/10.1016/j.progpolymsci.2005.06.003
https://doi.org/10.1016/0032-3861(81)90374-8
https://doi.org/10.1016/S0032-3861(97)85598-X
https://doi.org/10.1016/S0141-3910(99)00029-4
https://doi.org/10.1016/S0141-3910(99)00029-4
https://doi.org/10.1002/pen.760311302

POLYMER BLENDS AND COMPATIBILIZATIONSTRATEGIES Q¥:LV¥:9!1

[31] M. Jiang, Xiu. Huang, T. Yu., Polym. 24, 125 (1983).

[32] W. J. Work, K. Horie, M. Hess, and R. F. T. Stepto, (2007) « Definition of terms related to polymer
blends, composites, and multiphase polymeric materials » (IUPAC Recommendations 2004), Pure
Appl. Chem. 76, (11), pp., 200.

[33] C. C. Chen and J. L. White, (1993) « Compatibilizing agents in polymer blends:
Interfacial tension, phase morphology, and mechanical properties », Polym. Eng. Sci. 33(14), 923-930.
doi.org/10.1002/pen.760331409.

[34] L.H. Sperling (2006) « Introduction To Physical Polymer Sciencel A John Wiley & Sons, New
Jersey.

[35] K. Yang, S.H. Lee and J.M. OH. (1999) « Effects of viscosity ratio and compatibilizers on the
morphology and mechanical properties of polycarbonate/acrylonitrilebutadiene-styrene blends », Polym.
Eng. Sci., 39 (9), 1667-1677. doi.org/10.1002/pen.11561.

[36] Paul DR, Barlow JW (1979) A Brief Review of Polymer Blend Technology. In: Cooper SL,
Estes GM (eds) multiphase polymers. Advances in Chemistry, Washington, 176. 315-335.
doi.org/10.1021/ba-1979-0176.ch017

[37] DR. Paul, JW. Barlow (1980) Polymer Blends (or Alloys). J. Macromol. Sci., Rev. Macromol.
Chem. Phys. 18:109-168. doi.org/10.1080/00222358008080917.

[38] U. Nishikaw and S. li zuka and M.Takahashi. (2013) « X-ray CT observation of a “mosaic-tiling”
structure and a “worm-like” structure in the ternary polymer blends », Polymer., 54 (23), 6267- 6270.
doi.org/10.1016/j.polymer.2013.09.028.

[39] P. Potschke and D.R Paul. (2003) « Formation of co-continuous structures in melt-mixed
immiscible polymer blends », J. Macromol. Sci , Part C: Polym. Rev., 43 (1) 87-141.

doi.org/10.1081/MC-120018022

[40] S. Thomas, R. Shanks, (2014). « Nanostructured polymer blends »; Elsevier Science and
Technology Books, Inc.: Oxford, United Kingdom.

[41] L. A. Utracki, (1989) « Polymer Alloys and Blends, Thermodynamics and Rheology », Ed.Hanser
Publishers, Munich.

[42] A. Hellati (2011) « Etude des Proprietes Rheologiques, Mecaniques, Thermiques et Spectrales des
melanges PET/iPP/ SEBS-g-MAH renforces par la montmorillonite » thése de doctorat, Institut de Génie
des Procedes, Université de Setifl (Algerie).

[43] D.R. Paul, C.E. Locke, C.E. Vinson., Polym. Eng. Sci., 13, 202 (1973).

[44] M. Xanthos, Polym. Eng. Sci., Vol. 28, pp 1392 (1988).

28


https://doi.org/10.1002/pen.760331409
https://doi.org/10.1080/00222358008080917
https://doi.org/10.1016/j.polymer.2013.09.028
https://doi.org/10.1081/MC-120018022

POLYMER BLENDS AND COMPATIBILIZATIONSTRATEGIES Q¥:LV¥:9!1

[45] Z.Horak, I. Fortelny, J. Kolafik, D. Hlavat , and A. Sikora, (2005) « Polymer blends,l in Encyclopedia
of Polymer Science and Technology, John Wiley & Sons, Inc., Ed. Hoboken, NJ, USA: John Wiley & Sons,
Inc. 1-59.

[46] S. Hudson, A. Jamieson. Morphology and Properties of Blends Containing Block Copolymers In
Polymer Blends. Wiley-Inter science. New York. 2000.

[47] B. Majumdar, D. Paul. (2000) « Reactive Compatibilization In Polymer Blends. Wiley-Inter science.
New York.

[48] S.P. Lyu. (2003) « Block Copolymers Suppressing Droplet Coalescence through Stopping Film
Rupture » Macromol. 36 (26) 10052. /doi.org/10.1021/ma025868]

[49] U. Sundararaj. C. W. Macosko, R. J. Rolando. (1992) « Morphology development in polymer
blends ». Polym. Eng. Sci, 32(24), 1814-1823. doi.org/10.1002/pen.760322404

[50] C. E. Scott., C. W. Macosko C. W., Polymer (1994), 35, 5422.

[51] A. Nakayama, T. Inoue, A. Hirao, P. Guegan , P. Khandpur , Macosko C. W. Polym. Prepr. (1993),
34, 840,

[52] W. E. Baker, C. E.Scott, G. H. Hu. Reactive polymer blending, Munich: Hanser, (2003).

[53] C. W. Macosko, P. Guegan, A. K. Khandpur, A. Nakayama, P. Marechal, T. Inoue. Macromol. Vol 29
(1996) 5590.

[54] A. 1. Isayev, C.K. Hong. Polym Eng Sci. Vol 43 (2003) 91.

[55] Utracki, L.A. (2002). Compatibilization of Polymer Blends, The Canadian Journal of Chemical
Engineering, Vol. 80.

29


https://doi.org/10.1021/ma025868j

Chapter 111

Materials and experimental

techniques



MATERIALS AND EXPERIMENTAL TECHNIQUES CHAPTER Il

Chapter 11l. Materials and experimental techniques

I11. Introduction

In the present chapter, the experimental work is summarised in Figure 1.4, involving
drying of all the raw materials followed by mechanical mixing to form polymer blends:
uncompatibilised PS/SAN, rPS/SAN and compatibilised PS/SAN with SEBS. The chapter
also includes general information about the laboratory equipment and techniques utilized
to process and to evaluate the properties of the materials.

I11.1. Raw Materials
111.1.1 Polystyrene (PS)

Polystyrene has a very simple repeating structure as shown in the Figure 111.1 below. It is an
atactic polymer thus is regarded as amorphous. This commercially available thermoplastic has
been around for quite sometime and the PS used in this work has the trade name GPPS 1540,
supplied by Total petrochemical, Belgium. The specific tacticity of the benzene ring is

sufficiently random to inhibit crystallization [1].
n

Figure 111.1 Structure of Polystyrene (PS) [2].

Polystyrene is a hard, crystal clear, amorphous solid at room temperature that
exhibits high stiffness, good dimensional stability, moderately high heat deflection
temperature and excellent electrical insulating properties [3]. It retains its
stiffness to about 20-25°C below glass transition temperature (Tg). However, polystyrene
will become softer as it getting closer to its Tg which is around 100°C. Above Tg,
polystyrene behaves under stress as a viscous fluid. When the temperature is further
raised, it will become rubbery and highly extensible. Polystyrene is easily processed by
all usual thermoplastic processes to produce common products such as wall tiles, electrical
parts, lenses, bottle caps, transparent display boxes, etc. Properties of the polystyrene
used in this work are listed below in table 111.1

30



MATERIALS AND EXPERIMENTAL TECHNIQUES CHAPTER Il

Table I11.1 Material Properties of Polystyrene PS (GPPS-1540) [3].

Unit Value Test Method

Melt Flow index at (200°C/5kg) g/10min 11 ISO 1133
Unnotched Charpy impact KJ/m* 8 ISO 179
strength

Tensile strength at break MPa 42 ISO 527
Elongation at break % 2 ISO 527
Tensile modulus MPa 3000 ISO 527
Flexural modulus MPa 2900 ISO 178

111.1.2 Styrene Acrylonitrile (SAN) copolymer.

Styrene acrylonitrile (SAN) is a copolymer of styrene with acrylonitrile. The usual content of
acrylonitrile in the SAN composition is between 20 and 30 %. It is basically used in general
purpose polystyrene applications when addtional chemical resistance and slightly higher
temperature resistance are needed. SAN used in this work has the trade name Luran 368R and

was supplied by Total petrochemical, Belgium.

‘IFCHZ—CHHCHZ—CH}
= "

Figure 111.2 Structure of Styrene acrylonitrile (SAN) [4].

SAN is similar in use to polystyrene, is a rigid transparent plastic produced by the co-
polymerization of styrene and acrylonitrile. It is a combination of clarity and rigidity of
polystyrene with hardness, strength and solvent resistance of polyacrylonitrile. Styrene-based
materials offer excellent qualities including durability, high performance, versatility of design,
simplicity of production and economy. The copolymer has a glass transition temperature
greater than 100 °C owing to the acrylonitrile units in the chain, thus making the material

resistant to boiling water. It is structurally related to ABS plastic,
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where polybutadiene is copolymerised with SAN to give a much tougher material [5]. Their

materials properties are listed in Table 111.2.

Table I111.2 Material Properties of Poly (styrene-co-acrylonitrile) SAN (Luran 368R)

Unit Value Test Method
Melt Flow index at (220°C/10 kg) 9/10min 10.8 ISO 1133
Izod notched impact strength KJ/m? 2 ISO 179
Tensile strength at break MPa 75 ISO 527
Elongation at break % 3 ISO 527
Tensile modulus GPa 2-35 ISO 527
Flexural Strength MPa 175 ISO 178

111.1.3 Poly (Styrene-b-Ethylene- -Butadiene-b-Styrene) SEBS

SEBS used in this work was Kraton G 1651, supplied by Kraton Polymer (USA). It has a
molecular weight of 20,000 g/mol and a styrene content of 28 wt%.. It is a copolymer called
tri- block copolymer made of three segments. The first is a long chain of polystyrene, the
middle is a long chain of poly(ethylene-butadiene), and the last segment is another long chain

of polystyrene. Chemical formula for SEBS is:

~|ECH2’CHE|—|E|ZCH2—CH2;|-IECH2—CH2(EHEIE|—|ECHZCHﬂ—
X CH V4
2y

CHs

SEBS

Figure 111.3 Structure of SEBS.

Polystyrene is a tough hard plastic, and this gives SEBS its durability. Polybutadiene is a
rubbery material, and this gives SEBS its rubber-like properties. Since SEBS contains rubber

and plastic, it acts like both materials.
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Table 111.3 Properties of virgin Kraton G 1651 SEBS.

Unit Value
Melt flow index (200°C/5kg) g/10 min 1,5
Density glem® 0,91
Tensile strength at break MPa 7,2
Elongation at break % 550
Tensile modulus MPa 5

33



MATERIALS AND EXPERIMENTAL TECHNIQUES CHAPTER Il
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Figure 111.4: Research Flow chart of the experimental work.
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I11.2. Blends preparation procedure

111.2.1 Blends Formulation

The basis of formulation was based on the percentage weight ratio between PS, SAN and
PS/SAN blends uncompatibilized and compatibilized with SEBS as compatibilizer. The
weight ratios of blends are shown in Table I11.4 (a)-(b).

Table 111.4 (a): Blends formulation for polystyrene PS, recycled polystyrene and SAN
blending process without compatibiliser.

Designation PS, rPS (wt%°) SAN (wt%o)
PS 100 -
PS30 30 70
PS50 50 50
PS70 70 30
SAN - 100

Table 111.4 (b): Blends formulation for compatibilized polystyrene (PS), recycled
polystyrene and SAN blending process with SEBS as compatibiliser.

N° PS, rPS (Wt%) SAN (Wt%) SEBS (wt%)
PS30C5 30 70 5
PS50C5 50 50 5
PS70C5 70 30 5
PS30C10 30 70 10
PS50C10 50 50 10
PS70C10 70 30 10

111.2.2 Preparation of blends

The PS, SAN and SEBS polymer were obtained in the form of pellets. Prior to processing,
all composition of PS, rPS and SAN blend were dried at 80°C, respectively, overnight in a
vacuum oven. Uncompatibilized and compatibilized PS/SAN and rPS/SAN blends of various
compositions were prepared. The uncompatibilized mixtures contained 0, 30, 50, 70 and 100
wt% of SAN and are denoted respectively as PS, PS30, PS50, PS70, and SAN.

The compatibilized blends consist of the same contents of PS, rPS and SAN with 5 and 10
wt% SEBS and are denoted according to the same designation but with C5 or C10

termination, respectively.
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Figure 111.5: Internal mixer ; (a) Mixing chamber ; (b) Counter —rotating blades

(Rotors)of the internal mixer [6].
Table I11.5 : Brabender® (GmbH & Co. KG) characteristics

Chamber volume 55 Cm®
Sample mass 40-70 g
Maximum torque 200 N.m
Maximum temperature 500 °C

111.2.3 Melt blending

PS/SAN and rPS/SAN blends were studied with the aim of investigating and enhancing the
miscibility and the compatibility of the blends. The first part of the study consists of the
blending of PS with SAN without and with the addition of SEBS (styrene-ethylene-butadiene-
styrene) as compatibilizer. The compositions were selectedfrom preliminary literature review.
According to the review, the optimum blend ratios for PS/SAN and rPS/SAN blends were
determined as (30/70), (50/50) and (70/30). The second part of the work is dedicated to study
the effect of recycled PS on the properties of blend rPS/SAN and compatibilized blend.

PS and SAN blends were prepared according to Table 111.4 (a) and (b). All the raw materials
were blended using a Brabender® (GmbH & Co. KG, Duisburg, Germany) internal mixer,
allowing the monitoring of the torque versus temperature curves for each formulation. The
mixing was carried out at 210°C during 10 min and at a rotor speed of 50 rpm. At the start,
PS, rPS and SAN were allowed to soften for 2 min then SEBS was added thereafter. At the
endof the mixing process, the molten mixtures were removed from the chamber, cooled and
then pelletized. Samples for the mechanical and viscoelastic characterizations were

compression- molded at 200°C for 5 min in a preheated hydraulic press.
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111.3. Compression molding process
The PS/SAN and rPS/SAN blends melt mixed samples of different compositions (Table

[11.2) were cut into small pieces and then compression molded into 2 mm thick sheets and thin
filmsat the temperature of 200°C for 5 min using a CARVER™ hydraulic press (Hampton,
New Hampshire, USA) at a pressure of 75Pa.
I11.4 Characterization techniques
To investigate the effect of recycled PS and compatibilizing agents on the improvement of
microstructure and PS/SAN properties, the prepared formulations were analyzed using a
variety of different techniques to determine specific properties. Each one of the following
techniques is described in more detail in the following sections;

4+ Mechanical Testing (including tensile and impact strength).
Rheological Properties (RPA) ;
Differential scanning calorimetry (DSC) for the thermal properties;Dynamic
Mechanical Analysis (DMTA);
Thermogravimetric analysis (TGA) for the thermal stability;Scanning

- F F +

electron microscopy (SEM) for morphologies.

I11.4.1 Mechanical testing
111.4.1.1 Tensile Test
Tensile tests are performed for several reasons. The results of tensile tests are used in
selecting materials for engineering applications and frequently are included in material
specifications to ensure quality. They are often measured during development of
new materials and processes, so that different materials and processes can be compared,
and often used to predict the behavior of a material under forms of loading other than uniaxial
tension.

The tensile behavior of the samples was evaluated using a Universal Testing Instron 4301
(USA) machine.

L o

L Shouldar . Diameter, dI .

| Py fe—Gage length—a] xzdf I- AN

Figure 111.6 Typical tensile specimen, with a reduced gage section and enlarged

shoulders [7].
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At least seven specimens for each formulation were tested at a cross-head speed of 10 mm
min-1. Tensile strength, elongation at break and Young’s modulus were determined, and the
average values were calculated and reported. A typical tensile specimen is shown in Figure
I11.4. A tensile test involves mounting the specimen in a machine and subjecting it to
tension. The tensile stress ({) and the strain (¢) are defined in equation (1) and (2),

respectively.

Q
I

(eq. 1.1)

& 2

€ = (eq. 11.2)
0

—

Where F is the tensile force and A, is the initial cross-sectional area of the gage
section. Lo is the initial gage length and AL the change in gage length (L-Lo).
When a solid material is subjected to small stresses, the bonds between the atoms are
stretched. When the stress is removed, the bonds relax and the material returns to its original
shape. This reversible deformation is called elastic deformation. At higher stresses,
planes of atoms slide over one another. This deformation, which is not recovered
when the stress is removed, is termed plastic deformation. For most materials, the
initial portion of the curve is linear. The slope of this linear region is called the elastic

modulus or Young’s modulus (E) as shown in equation (3).
o
E=— (eq. 11.3)
€

The stress-strain curves of tensile tests are shown in Figure I11.7. The tensile strength
(ultimate strength) is defined as the highest value of engineering stress. The tensile test
gives the data as a stress vs strain graph. The highest point of this stress versus strain curve is

the tensile strength of the material being tested. Tensile strength unit is N/mm2 or MPa.
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Figure I11.7 Stress-strain - curves of ductile vs brittle materials [7].

111.4.1.2 Impact Test

Notched Izod impact test was performed at room temperature using a resil impactor (Ceast
6548). Five replicates of each composition were tested and the average values were recorded
to check the good reproductibility of the experiment.

Toughness is a measure of the amount of energy a material can absorb before fracturing.
Impact test conditions are chosen to represent those most severe relative to the potential
for fracture of (1) deformation at a relatively low temperature, (2) a high strain rate, and (3) a
triaxial stress state which may be introduced by the presence of a notch. Standardized test,
the Izod, are commonly used to measure impact energy. It is illustrated in Figure I11.8 [8].
111.4.2 Rheological Properties
111.4.2.1 Dynamic rheological analysis

For the dynamic rheological analysis, a brabender type plastograph was used. The
processability of the different components has been evaluated by measuring the torque
required to mix the molten components in a heated chamber, under fixed conditions, i.e.,
temperature, time and rotor speed.

Polymer viscoelasticity is usually described in terms of response of fluid to a sinusoidal

shearing, where the shear strain is given by :
y(t)=yosin(ot) (eq 11.4)
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where o is the frequency of the oscillatory strain, d is the phase angle or mechanical 10ss
angle and vyo is the strain amplitude. If the strain amplitude is sufficiently small, the shear
stress is also sinusoidal and is given by
n(t) = G. no. sin (ot + 3) (eq. 11.5)

Scale

Specimen Starting posifion
10 % 10 X 55 mm)

Pendulum
o End of

swing
B

Notch

Hammer

Specimen

lzod

Figure 111.8 Impact testing, (a) 1zod testing, [8].

where 1, is the stress amplitude. 1, at a given frequency is proportional to yo, if the strain is
sufficiently small. This type of behaviour is called linear viscoelasticity. The linear
viscoelasticity could be described using trigonometric identity as follows:
N(t) =170 [G'sin (wt) + G" sin (wt)] (eq. 11.6)
where G'(w) is the storage modulus and G"(w) is the loss modulus, which are functions of
frequency. Both are linear viscoelastic material functions.
Another term of importance is the ratio of loss to storage modulus defined as
Tan 6 =G"(w) / G’ (eq. 11.7)
It is also possible to define a dynamic complex viscosity in terms of G' and G" as
follows:
Dynamic viscosity :
n'(w)=G" (w)/ w (eq. 11.8)
Imaginary part of the complex viscosity :
n"(w)=G"(w)/ w (eq.11.9)

40



MATERIALS AND EXPERIMENTAL TECHNIQUES CHAPTER Il

Complex viscosity function :
n*(iw) = n '(w) — in"(w) (eq.11.10)
In the same manner as above, a complex modulus can be defined as below :
Complex viscosity function :
G *(iw) =G'(w)+iG"(w) (eq.11.11)

The storage modulus G' (w) and imaginary part of the complex viscosity # "(w), are to be
considered as the elastic contributions to the complex functions. They are both measures of
energy storage. Similarly, the loss modulus G"(w) and the dynamic viscosity # '(w) are the
viscous contributions or measures of energy dissipation.

Samples for rheological and morphological analyses were obtained by compression
molding. Discs with a 25 mm diameter and 1 mm thickness were molded at 190°C under 18
MPa for 10 minutes. The viscoelastic behavior of the PS/SAN was studied using a RPA
rubber process analyzer (RPA2000, Alpha Technologies, USA). Around 4 g of material were
placed in the cavity of RPA with a biconical moving die. The Frequency sweep was
performed from 0.01 to 100 Hz to measure storage modulus (G'), loss modulus (G”) and
complex viscosity (n*) as a function of frequency, at 190°C and keeping the strain constant at
5.02 %.

111.4.3 Thermal properties
111.4.3.1 Differential scanning calorimetry (DSC)

There are two set of samples that were prepared for DSC analysis besides that of the virgin
PS and SAN ; uncompatibilised PS/SAN blends, and compatibilised PS/SAN blends with
SEBS. These samples were investigated under nitrogen using a Perkin Elmer DSC8500
device. The samples were heated from 25°C to 200°C at a rate of 20°C/min to eliminate
previous thermal history and were held at this temperature for 2 min before starting the
cooling. Cooling was carried out from 200°C to
—70°C at 20°C/ min followed by heating from —70°C to 150°C at 20°C/min. All thermal
properties were obtained from the second heating scan curves. The curves were analyzed as
follows: the glass transition temperature (Tg) was taken as the average of the intersection
points of the extrapolated lines before and after transition, respectively, with tangent at the

point of return at the rising curve.
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Eigure 111.9 The typical DSC thermogram of polymers [9]

Throughout the DSC work, samples were encapsulated in aluminum pans and placed in the
holder. An empty aluminum pan of the same weight as that used with the sample, was used

as reference. Each holder has its own temperature sensor.

polymer
sample sample reference
pan pan
\_J /
N2 y -
1@ ||

| | | (—]
T It =
—

Figure 111.10 Schematic diagram of a DSC apparatus [9].

computer to monitor temperature
and regulate heat flow

111.4.3.2 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) was carried out in a TA Q800 Instrument. The scans
were carried out from -100°C to 150°C at a constant heating rate of 4°C/min and at a
frequency of 1 Hz. The device applied a continuous sinusoidal oscillatory deformation on the
sample and measured the force required to produce a specific oscillation amplitude. The

moduliwere derived from the value of this force and its phase difference with respect to the
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deformation. These are the elastic (storage) modulus, E’, and viscous (loss) modulus, E”,

terms of the complex dynamic tensile modulus of a viscoelastic material and dynamic

mechanical tan 8.
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Eigure 111.11 DMTA thermogram of modulus values change with temperature

and transitions in materials [9].

As shown in Figure 111.9, the Tg is seen as a large drop (a decade or more) in the storage
modulus when viewed on a logarithmic scale. The frequency of the applied oscillations was 1

Hz and the deformation amplitude was set to 5 pum(~0.05% strain).

111.4.3.3 Thermogravimetric analysis (TGA)

TGA is an analytical technique used to determine a material’s thermal and/or oxidative
stability and its fraction of volatile components by monitoring the weight change that occurs
as a specimen is heated. Figure I11.7, shows a diagram of a thermobalance. The measurement
is normally carried out in air or in an inert atmosphere, such as Helium (He), Argon
(Ar) or Nitrogen (N2), and the weight is recorded as a function of increasing temperature. The
measurement was performed using a TA Q500 analyzer TA Instrument (New Castle,
Delaware, USA). Samples of 5-9 mg were heated from 25°C to 600 °C in Hi-Resolution mode
with an initial heating rate of 10 °C-min-1 under nitrogen atmosphere at the flow rate of 10

ml-min-1.
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The thermogravimetric (TGA) and derivative (DTG) curves are generally plotted as
mass versus temperature, as illustrated in Figure I11.8. The TGA curve shows the plateau
of constant weight (region A), the mass loss portion (region B), and another plateau of

constant mass (region C) [10].

Atmosphere control

Furnace Sample holder

\\\\\

Furnace Recorder
temperature
programmer
Temperature
sensor "
Recording Balance control
balance

Eigure 111.12 Block Diagram of a Thermobalance [10].

The onset temperature (onset) was determined from the thermogravimetric curves as being
the temperature at which the weight loss begins. The temperatures corresponding to the

weight loss of 5 % and 50 % were also determined from the thermogravimetric curves.
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Figure 111.13 Typical TGA and DTG curves [10].
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11.4.3 Scanning electron microscopy (SEM)

The fractured surface was obtained by breaking the specimens under liquid nitrogen.
The cryogenically fractured surfaces of PS/SAN blends specimens were observed, after gold
coating, by scanning electron microscopy using a scanning electron microscope (SEM,
Philips, XL30). These micrographs were analysed using image analysis software. The particle
sizes of the particles were calculated from the diameter of the particles which were
approximated to spheres. More than 50 particles were evaluated and these were taken for the
calculation of the mean diameter and hence mean size of the particles. The dispersion and
distribution behavior of the dispersed phase were also analysed from the particles diameter
and percentage of each particles diameter. The calculation of the particles average number and

volume diameter values was performed using the following equations (1) and (2) [11]:
Rn=>.ni*Ri/X ni €Y

Rw =Y ni*R4/Y n * R3 )
1 1

Where nj is the number of droplets “i’” of diameter R;.
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Chapter 1V: RESULTS AND DISCUSSION

IV.1 Characterizatons and Properties of PS/SAN blends without and with addtion of

compatibilizer.

This chapter includes all the experimental results that are obtained from the mechanical and
physical analysis of the materials. The experimental tests and the results of blends systems
were used to investigate the effectof recycled PS on mechanical properties including tensile
test and impact test, on physical properties including differential scanning calorimeter (DSC),
on viscoelastic properties using dynamic mechanical thermal analysis (DMTA) and on th
thermal stability by thermogravimetric analysis (TGA). Finally the morphology of polymer

blends was characterized using Scanning electron microscopy (SEM).
In this chapter, the results of two blend systems are reviewed.

a) PS/SAN and PS/SAN/SEBS ;
b) rPS/SAN and rPS/SAN/SEBS.

All results are discussed together with presentation of the data obtained from measurement of

virgin PS and compared with that of the recycled PS.

1V.1.2 Mechanical Properties
IV.1.2.1 Tensile properties of PS/SAN blends

The assessment of the mechanical behavior of blends is considered as the more crucial
parameter to conclude about the compatibilizing effect. Generally, immiscible blends show
poor mechanical properties due to the weak interfacial adhesion between the components [1].
The results of tensile test including tensile strength, tensile modulus, and elongation at break
and those of impact strength for PS/SAN blends are summarized in table IVV.1. It can be seen
that the mechanical properties of SAN are higher than those of PS.

Figures IV.1-3, shows the variation of PS/SAN blends tensile properties as a function of
both blend ratio and compatibilizer content. As expected, PS and SAN are immiscible and did

not show any improvement in the mechanical properties for the whole studied compositions.
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This may be due to the weak interfacial adhesion between the PS and SAN phases [2], which

induces a poor stress transfer between the two phases of the blends [3].
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Eigure 1V.1 : Tensile strength of blend PS/SAN without and with compatibilizer.

From figure IV.1 and Table V.1, it can be seen that the tensile strength of uncompatibilized
PS/SAN blends is higher thancompatibilized ones. After the addition of 5 wt% of SEBS, the
tensile strength of the PS/SAN blend exhibits a slight increase, especially, for the PS30, PS50
and PS70 mixtures. This result is attributed to the favorable intermolecular interactions
between PS/SAN, which is originated from their structural similarity and expected
compatibility between the PS and SAN matrix phases and the compatibilizer segments [4].
However, the addition of 10 wt% of compatibilizer produces a lower tensile strength
compared to the sample with 5 wt% of SEBS. This could be explained by the eventual

effect of SEBS micelles in the blend whenadded with higher concentration.

The evolution of the PS/SAN blends tensile modulus as a function of both the PS and SEBS
contents is displayed in figure IV.2. The tensile modulus of the pure PS and SAN are 2920
MPa and 3140 MPa, respectively. The tensile modulus of uncompatibilized mixtures show
higher values than that of the PS due to the contribution of the SAN phase and to the fact that

the tensile modulus is closely related to the harder domain of the material [5].

After adding SEBS, the tensile modulus shows a sharp decrease and it is observed that the

higher the SEBS content, the lower are the blends moduli. The tensile strength and tensile
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Figure 1V.2 tensile modulus of PS/SAN blends prepared without and with
SEBS compatibilizer.
Modulus of the PS/ SAN blends are found to be negatively affected by the addition of SEBS
due to the elastomeric nature of the later. Thus, the incorporation of soft molecules belonging
to an elastomer compatibilizer, as it is the case of SEBS triblock copolymer, plays a major
role in improving the blend ductility by inducing a transition from a brittle behavior of the
incompatible mixture to a more ductile one. This is due to better interphase adhesion and the
rubbery nature of the compatibilizer. As revealed in literature by la Mantiaet al [6].

6 PS/SAN
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Figure 1V.3 Elengation at break of PS/SAN blends prepared without and with
SEBS compatibilizer.
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Figure 1V.4 Impact strength of blend PS/SAN without and with compatiblizer.

The SEBS is able of reducing the brittleness of at least one of the two phases and locates
selectively at the interface. Figure 1VV.3 shows the variations of the elongation at break as a
function of both the blend ratio and SEBS content. It can be observed that the elongation at
break of uncompatibilized blends shows lower values compared to the pure components and it
increases as the SAN contribution in the mixture increases. As SEBS is added, the blends
ductility is favored and an enhancement of the elongation at break is registered, particularly
for 10 wt% of the compatibilizer as shown in Table IV.1. These results confirm the
effectiveness of SEBS as a compatibilizer for PS/SAN blends and fit well with those found by
other researchers [7] who have reported that the elongation at break shows a positive
deviation for the composition 25/75, thus indicating some favorable interactions between the
components of the blend.

1V.1.2.2 Impact strength of PS/SAN blends

The notched Izod impact strength is used to evaluate the toughness of the samples. The
variations of the impact strength for PS/SAN blends before and after the incorporation of
SEBS are shown in figure IV.4. As for tensile properties, the impact strength of SAN is higher
than that of PS and as expected, the uncompatibilized blends reveal lower impact strength
values than those of the neat polymers, due to the mixtures immiscibility. After the
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blend compatibilization, the impact strength increased for both 5 to 10 wt% of SEBS. The
increase is more prominent for the composition PS30 containing 10 wt% of SEBS. The trend
is the same, although in a lower extent than the trend found in elongation at break (Figure
IV.3).

Table IV.1. The Mechanical properties of PS, SAN and their uncompatibilized and
compatibilized blends with SEBS.

Samples Tensile Tensile Elongation at Impact Strength
Strength Modulus break (kd/m?)
(MPa) (MPa) (%)

SAN 51+4 3140 +50 2+0.2 11+1
PSs0 28+3 3010 +80 1.1+0.04 3.2+ 0.7
PSso 30+4 3150 £90 1.06 £ 0.06 3.1+0.1
PS7 22+ 2 3040 +70 0.8 +0.01 26+0.9
PS 30+1 2920 +40 1.2+0.03 29+13
PSC5  29.4%0.7 2800 +90 3.0+0.2 41+0.9
PSsC5  235+0.6 2720 +60 21+£0.04 3.4+05
PS7C5 27+6 2690 +90 1.2+0.1 31+£0.7
PS;C10 274 2400 +60 47+09 52+04
PS5,C10 21+0.8 2180 +80 42+0.8 3.8+0.7
PS7C10 21.+1 2320 £70 1.7+£05 35+0.8

. This demonstrates that the adhesion between the PS dispersed phase and the SAN matrix
phase has been notably increased and that the stress is actually more efficiently transferred
from one phase to the other. Also, this confirms that SEBS triblock copolymer is very
effective for overcoming the brittleness of the uncompatibilized PS/SAN blend and for
inducing a more energy dissipative process which is reflected in a more ductile behavior of
the blends, as also concluded from the tensile test.

1VV.1.3 Thermal behavior of the blends

To ascertain the immiscibility and study the thermal properties of PS/SAN blends, DSC and
DMA analyses have been performed (figures IV.5-6 and IV.7-8 respectively) and the glass
transition temperatures of PS and SAN in both uncompatibilized and compatibilized have
been determined (Table 1V.2). A miscible system blend exhibits a single Tg characteristic of a
unique phase system, whereas, a two phase-separated blend exhibits two glass transitions. As
determined from DSC, neat PS and SAN exhibit Tg values around 93°C and 111°C,
respectively, while from the variations of the loss modulus or damping factor (Tand), higher
values are obtained about 102 and 118°C for PS and SAN, respectively. This difference may
be attributed to the different nature of the response of the sample toward DSC and DMA

e
51




Results and discussion CHAPTER IV

analysis conditions [8].
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Figure IV.5 DSC scans of PS/SAN blends melt blended without compatibilizer SEBS.

After melt blending without compatibilizer, the DSC thermograms showed that all the blends
compositions PS30, PS50 and PS70 exhibited two distinct Tg values slightly different from
those of the neat PS and SAN phases, but very close, thus suggesting the immiscible nature of
the blend. Only for PS70 the Tg for PS is significantly higher than for pure PS, that could be
due to the low content of the PS phase surrounded by the more rigid SAN phase that could

hamper the mobility of the PS chains.. However
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Figure 1.6 DSC scans of PS/SAN blends melt blended with SEBS compatibilizer.
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When the SEBS was added to blend with 5 and 10 wt %, a slight shift toward higher and
lower temperature for PS and SAN respectively was found. The same trend is observed for
the DMA analysis, which pointed out that the closeness of the PS and SAN Tg values caused

the merging of the glass transition peaks as an indication of a somewhat blend compatibility.

Table 1V.2. Glass transition temperatures as measured from DMTA and DSC analyses for PS

and SAN phases in uncompatibilized and compatibilized PS/SAN blends.

Composition Mesured From DMA Mesured From DSC
TgPS/°C Tg SAN/°C Tg (PS) Tg (SAN)
SAN - 118 - 111
PS30 102.3 114.8 105 109
PS50 95.6 105.7 94.1 110.6
PS70 95 104.5 94.2 112.6
PS 102 - 93
PS3,C5 115.5 109.3
PSso C5 101.2 113.3 101.7 113.8
PS70C5 97 107.2 99.7 112
PS3,C10 116 110.8
PS50C10 101.8 112.4 104.5 112.2
PS;0C10 102.4 113 105.3 114.5
500 F
ﬁ
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Figure 1V.7 Loss Modulus for uncompatibilized PS/SAN blends.
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Eigure 1V.8 Loss Modulus for compatibilized PS/SAN blends.

SEM photographs demonstrated the existence of a two phase morphology and therefore,
the existence of a single Tg can be only explained by the impossibility to detect the Tg of the
PS phase, due probably to the sum of the facts that the low content of PS makes the change in
calorific capacity small (as seen for PS30) and that the improvement on the interfacial
adhesion produced by the compatibilizer increases slightly the Tg value for PS phase and

probably makes it wider which makes it difficult to distinguish the transition.
1V.1.4 Thermal stability of PS/SAN blends

Thermogravimetry (TG) was performed to estimate the effects of the compatibilizer on the
thermal stability and thermal decomposition behavior of PS/SAN blends.

The TG and DTG curves give, respectively, the weight variations with temperature and its
derivative, versus time. Curves for PS, SAN and their uncompatibilized and compatibilized
PS/SAN blends are shown in figure 1V.9-10. The thermal decomposition values are listed in
table 1V.3.
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Figure 1V.10 DTG thermograms of PS, SAN and their blends prepared without and with

SEBS compatibilizer.
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Table 1V.3. Thermal stability parameters as determined from TG and DTG thermograms for
PS, SAN and their blends with and without compatibilizer.

Samp|eS Tonset (OC) T 50% (OC) Tend (OC) Tmax(oc) Residue 475°C

(%)
SAN 363 402 418 405 0.25
PSso 362 404 421 407 0.19
PSso 361 403 420 407 0.25
PS7 360 404 421 408 0.17
PS 353 400 416 405 0.01
PS3,C5 363 409 423 409 0.2
PSs50,C5 364 407 425 411 0.25
PS7C5 359 410 424 411 0.11
PS;C10 362 407 423 409 0.36
PSsC10 364 407 424 410 0.17
PS,C10 361 407 424 410 0.46

It can be seen that pure PS presents a slightly lower thermal stability than SAN. They start to
loose weight (Tonset) at about 353 and 363°C and they end at Tend of 416 and 418°C and
reveal a T50 where half of the sample has been decomposed at around 400 and 402°C,
respectively. The neat PS/SAN blends exhibit a marginal increase in thermal stability as
witnessed by the very slight increase observed on the values Tonset, Tend and T50. The
incorporation of SEBS does not increase significantly the thermal stability other than a
marginal increase of a few degrees. Thus, thermal stability is unchanged respect to the virgin
polymers for both, the uncompatibilized blends and the compatibilized blends.

IV.1.5 Microstructure analysis

Morphology of polymer blends depends on several factors such as the composition, the
mixing conditions and the interfacial tension between the mixed polymers. Figures 1V11 and
V.12
exhibit the microstructure of PS30 and PS70 blends prepared without and with 5 and 10 wt%
of SEBS as compatibilizer. Also, Tab 1V.4 reports the values of Rn and Rw as determined for

uncompatibilized and compatibilized PS30 and PS70 blends using Image J analyzer.
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Table 1V.4 Average size of holes in SEM morphology of the blend analysed with ImageJ

software.

Composition Rn (um) Rw (um)
PSs0 3.70 10.69
PS30C5 5.52 13.86
PS3C10 2.37 10.57
PS7o 7.58 13.14
PS7C5 4.50 9.71
PS7,C10 3.43 8.57

The micrographs of figures IV.11 and 1V.12 (a-f) showed a droplet/matrix two-phase
morphology typical of immiscible polymer blends. The PS phase in PS30 blends was
dispersed as spherical domains with a droplet size of 3.70 um which seems to be the result of
the interplay between the mixture composition, the mixing conditions, the existing interfacial

tension and finally thesystem rheology [9].

PS30C10

Figure 1V.11 SEM micrographs of cryofractured surfaces of PS30 blends with and
without SEBS compatibilizer.
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After adding 5 and 10 wt% of SEBS, the PS droplet size changed to attain
5.52 and 2.37 pum, whereas Rw presented values of 13.86 and 10.57 um, respectively. It is
expected that droplet decreased with compatibilizer, as it happened with PS30C10 and it is
not known why it increased in PS30C5. The PS70 blends showed a considerable morphology
refinement as the SEBSconcentration increased, as expected. The SAN droplet size decreased
from 7.58 for the uncompatibilized blend to 4.50 and 3.43 um for the blends compatibilized,
respectively by 5 and 10 wt% of SEBS.

E% &

kV x1.88K

Figure 1V.12 SEM micrographs of cryofractured surfaces of PS70 blends with and
without SEBS compatibilizer.

At the same time, Rw declined from 13.14 for the blend without SEBS to 9.71 and 8.57 um
for the blends with 5 and 10 wt% of the compatibilizer. The evident reduction in the droplet
size of PS and SAN with increasing the SEBS concentration resulted from the decrease in the
interfacial tension which is expected to be caused by the localization of the SEBS molecules

at the interface between the droplets and the matrix.
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| Uncompatibilized Compatibilization

blend using SEBS s

PS EB

‘ |<<ps
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Figure 1V.13 Schematic representation of morphology of SEBS compatibilized rPS/SAN blend.

1VV.1.6 Conclusion

In this work, the effect of SEBS compatibilizer on the properties of PS/SAN blends was
studied. It was found that the addition of 5 wt% of SEBS has a beneficial effect on the
morphology, mechanical and thermal properties of the blends. The PS/SAN blend without
SEBS did not improve its mechanical properties due to the weak interfacial adhesion between
PS and SAN phases. However, materials with improved mechanical properties have been
obtained when the adhesion between the PS and SAN phases has been enhanced by the
presence of SEBS. These results were confirmed by SEM observations which revealed that
the incorporation of SEBS was effective in reducing the domain size of the PS or SAN
dispersed phases. The DSC results revealed that the compatibility of blend is improved with
addition of compatibilizer SEBS. A single Tg was observed only for PS30 blend with 5 and
10 wt% of SEBS, thus confirming a better interfacial adhesion between the two phases. The
TGA analysis indicated that the thermal stability of PS/SAN blends with and without
compatibilizer was unchanged respect to the virgin polymers. The overall variations in all
properties suggest that the SEBS copolymer could be used as an effective compatibilizer for
the PS /SAN mixtures.
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IV.2 Characterizatons and Properties of rPS/SAN blends without and with

addtion of compatibilizer.

IV2.1 Rheology behavior of the polymer blends

The results of the rheological measurements carried out on the blends are shown in Fig.
IV.14 -16, where their complex viscosity (n*), storage moduli (G’) and loss moduli (G")
curves are plotted as a function of frequency (together with those of the pure components
rPS, SAN) at 190 °C in the frequency range 0.01-100
Hz . Rheological properties provide information about the compatibilization effect, as well as
the correlations between their rheological- morphological- mechanical properties **.

Fig.1V.14 shows the changes in complex viscosity (n*) as a function of angular frequency
(o) of rPS, SAN, and their rPS/SAN blends without and with 5 and 10 wt% of SEBS. It can
be observed that the complex viscosity of the SAN was higher than that of the recycled PS.
The complex viscosity of the uncompatibilized blends decreased with the increase in the rPS
content. At rPS30 the curve is close to rPS and at higher content rPS50 and rPS70 is lower
than for pure rPS. Thus the blend of rPS and SAN gives a more fluid material than the pure

components at high rPS content.
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Figure 1V. 14 Complex viscosity (n*) of rPS, SAN and their blends without andwith
compatibilizer SEBS.
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In addition Fig IV.14 also shows the effect of SEBS copolymers with different ratios 5 and
10 wt%, on the complex viscosity of rPS/SAN 30/70 blend. For this ratio, the addition of

SEBS does not change the rehology of the material.

The complex viscosity of all formulations shows a downward trend with increasing the
frequency, reflecting the shear thinning phenomenon and exhibiting the typical motion
characteristics of pseudoplastic fluid “*'. This is because the molecular chain entanglement
decreases with increasing the shear force, leading to a better fluidity of blends. However,
compared with pure rPS/SAN blends, the complex viscosity of the blends increases a little bit
after adding SEBS copolymers which is probably due to the physical compatibilization of
SEBS and may be due to a low fluidity of SEBS when compared to rPS and SAN, or to the
interactions performed during blending, Suggesting the changes have occurred in the interface
of compatibilized blends " Which may directly impact the mechanical properties. This
assumption correlated with the results obtained with mechanical properties and SEM images

in the following section.
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Figure 1V.15 Frequency-sweep plot of the storag modulus (G ') for neat rPS, SAN and
uncompatibilized/ compatibilized rPS/SAN/SEBS blends.

The curves of storage modulus (G') and loss modulus (G") of rPS/SAN blends as a function of the

frequency are shown in Figures 1V.15-16, respectively. G’ and G” of all samples increase with the
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increase in the frequency. In the low frequency region, the movement of molecular chain is

synchronized with the change of external force, and the flexibility and elasticity of molecular chain

are high, which result in a lower G’ of the blends. Meanwhile, the smaller friction between the
molecules causes the lower G”. In the high frequency region, the movement of molecular chain
could not keep up with the change of external force, and the friction consumption between the
molecular chains is also increased, which leads to the increase of G'and G” "It can also be
seen that the storage modulus (G’) and loss modulus (G”) of the rPS/SAN blend compatibilized
with SEBS copolymers are higher than those of the uncompatibilized rPS/SAN blends, indicating
an increased of the interaction between rPS and SAN on addition of SEBS compatibilizer. The
rheological properties in the low frequency region can be considered to reflect the relaxation and
motion of the whole polymer chains. Also the G’ and G" of the blends reach the maximum value at
10 wt% of SEBS. Which is due to the chain entanglement between SEBS and the blends. In other
hand this increase in G’ and G" is associated with relaxation time of dispersed phase ***.
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Figure 1V.16 Frequency-sweep plot of the loss modulus (G") for neat rPS, SAN and
uncompatibilized/ compatibilized rPS/SAN/SEBS blends.

It is mentioned in literature % that the storage modulus of an immiscible blend is
characterized by the presence of a relaxation shoulder, which arises due to deformation and
relaxation of dispersed phase. This trend is verified for all blends analyzed. Compared to
binary blends (rPS/SAN), G' of SEBS compatibilized blends is higher at low frequencies,

indicating higher elasticitx, Eossiblx this increase is related with SEBS addition, these G' data
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strengthen the fd agent, favoring Interactions between chemical groups " . Which presents

high viscoelasticity, as well as with dispersed phase reduction particle size,

The relation curves of storage modulus (G') and loss modulus (G") rPS/SAN blends as
function of the frequency at 190°C are showed in Figure IV.17. It is observed that, at lower
frequencies below 1 Hz, the viscous response is higher than the elastic response for all
samples analysed, until reaching a frequency, where the modules intersect G '= G" (where the
dissipative feature is equal to the elastic

Feature at the same frequency). For values higher than 1 Hz, the elastic response (G') exceeds

the viscous response (G").
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Figure. 1V.17 The storage modulus (G ') and loss modulus (G") of rPS/SAN blends as

function frequency for all compostions analysed.

Bousmina and Muller "“ reported similar behavior for other copolymers containing
rubber. In these studies, the G' = G” cross-points were attributed to network type structures
formed through the association of elastomeric particles. While this inversion of behavior is
associated with hindrance in molecular mobility, since the molecular segments can not move
and respond as rapidly as the applied frequency. Table 1.5 shows values for the point G'=

G", for all investigated compositions.
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Table IV.5 Crossing-point, G'= G", for rPS and their blends.

Composition Frequency (Hz) G’=G”’
(MPa)

rPS 0.77 38.11
rPS30 0.80 37.03
rPS50 1.67 37.10
rPS70 3.52 35.56
rPS30C5 0.79 34.07
rPS30C10 0.79 36.48

IVV.2.2 Mechanical Properties

1V.2.2.1 Impact strength of recycled rPS/SAN blends
The notched lzod impact strength is one of the most important properties for rigid polymers

such as the rPS/SAN alloy because of their notch sensitivity. Figure 1V.18, shows that SEBS
is a good compatibilizer and improves very significantly the impact strength of the rPS/SAN
with a SAN content 30-70 wt %. The impact strength of the rPS/SAN alloy can be greatly
enhanced by the addition of 5 and 10 wt % SEBS. For example, the impact strength increases
from 7.1 kd/m? of rPSs; to 10.8 kJ/m? when 10 wt % SEBS is added. The impact strengths of
simple rPS/SAN blends without SEBS are lower than for pure rPS, decreasing with the
increase of SAN content up to 70 wt %, indicating a negative synergistic effect between the
rPS and the SAN because of their poor interfacial interaction in the rPS/SAN blends, as
further shown in SEM images.

rPS/SAN
14 rPS/SAN/SEBS 5%
- rPS/SAN/SEBS 10%

[E=N
N

1 v 1

e
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Impact strength(kj/m?)

0
-20 0 20 40 60 80 100 120

rPS content (%)
Figure 1V.18 Effect of compatibiliser compositions on impact strength of rPS/SANBIends.
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It is known that the phase morphology and the interfacial adhesion between component

polymers influence the mechanical properties of polymer blends. Two-phase morphology
with lack of adhesion between the component polymers leads to premature failure and, thus,
to poor mechanical strength, and the improved interfacial adhesion leads to higher mechanical
strength..

Table 1V.6 The mechanical properties of recycled PS, rPS/SAN, and rPS/SAN/SEBS blend.

rPS/SAN TensileStrength Tensile Elongation Impact
(MPa) Modulus (MPa) at break (%)  Strength (kj/m?)
rPS 256 £1.7 2930 + 48 3.6+0.3 82+05
rPSs 446 2 3100 £ 67 4.7+ 0.3 7.1+£1.2
rPSs 3062 3080 £ 59 38+ 0.1 6.6+0.7
rPS+ 28.7+14 2990 + 24 3.6+£05 7.8+£0.5
rPS;,C5 289+1.2 2680 + 61 49+04 76+01
rPSs,C5 23.7%1 2680 +£90 51+ 04 7.9+0.8
rPS;,C5 23+2.2 2700 £ 41 3.8+£05 85+0.8
rPS;,C10 271 2330 £ 155 6.1+£0.3 10.8+£0.3
rPSs,C10 213+1.2 2190 + 112 59+05 10.4+0.8
rPS+C10 17.4+£2.6 2230 + 157 48+0.2 95+04
SAN 51+4.7 3140 £ 55 3.4+£04 11+1

The incorporation of SEBS can improve the compatibility of the rPS/SAN blends. Morever, the
impact strength, of the binary rPS/SAN blends increased with increasing SEBS content (which
acts as an impact modifier that improves the toughening and ductility of the brittle rPS/SAN, thus
increasing the energy absorption capacity of the blends. When highly dispersed, the SEBS rubbery
phase acts as an effective stress concentrator, thus enhancing both crazing and shear yield in the
blend. Because both processes can dissipat a large amount of energy, there is a significant increase
in the toughness of the blends. This increase of impact strength is possible due to the fact that SEBS
compatibilizer contains EB block segments chemically identical to rPS and with SAN, which have
relatively high affinity with the SAN phase.

It can be concluded that SEBS acts as an efficient compatibilizer. ",

1V.2.2.2 Tensile Strength
Generally, it has been long established that immiscible polymer blends have inferior mechanical
properties because of the existence of weak interfacial adhesion and poor dispersion of the
components. In this study, the mechanical properties before and after the compatibilization effect of

rPS/SAN blends by the SEBS block copolymer were investigated.
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Tensile parameters (strength, Modulus and Elongation at break) are summarized in Table IV.6. It

can be seen that the mechanical properties of SAN are higher than those of rPS.
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Figure 1V.19 Effect of SEBS compositions on tensile strength of rPS/SAN compositions

The trend for the tensile strength of the blends with SEBS (Figure 1V.19) is different from the
trend for notch impact strength . The addition of 5 and 10 wt% SEBS decreases slightly
tensile dfpure recycled PS, SAN and rPS/SAN blends. This may be attributed to the fact
that SEBS is an elastomer with a lower tensile modulus and affects the rigidity of the blends.

As expected the reduction in tensile strength of the blends during the mechanical testimplies
in a higher energy dissipation, also this associated with two hypotheses; the SEBSelastomeric
character that heads to more flexible blends requiring lower tensile load fordeforming; or due to
interfacial saturation due to compatibilizer excess, this approach corroborates impact results,
whereas the compatibilizer content increases the greater the Impact strength, i.e., with higher
dissipation energy level for the blends, while reducing thetensile strength compared to neat SAN.
It is common knowledge that the toughness will be increased, whereas the modules will be

decreased when elastomer is added "%/,
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Figure 1VV.20 Shows the evolution of elastic modulus test of rPS/SAN noncompatibilized
and compatibilized blends.

Figure 1V.20. Shows the evolution of elastic modulus of recyled PS, SAN and rPS/SANblend
as function of both rPS and SEBS content. It can be seen that SAN had the highest elastic modulus,
with a typical brittle behavior of rPS/SAN blends. , Compatibilized blends had reduced elastic

modulus in relation to pure SAN and rPS. The decrease in the modulus

with increasing elastomer content is expected and well reported for the rubber toughening of rigid
polymers 7). As revealed in literature by la Mantia et al. *”. The SEBS is able reducing the
brittleness of at least one of the two phases and locates selectively at theinterface, it was also
verified that SEBS decreased the elastic modulus of blends, this being attributed to the SEBS’s
elastomeric nature. However, these losses in the elastic moduluswere accompanied by gains in
impact strength, as shown in Figure 1V.18.

The elongation at break of the binary rPS/SAN blends in comparison with neat rPS,
SAN and ternary rPS/SAN/SEBS blends is shown in Fig IV.21. Addition of SEBS, the Softness and
flexibility of this polymer will increased the elongation of the blend. All values are higher than that
of the pure SAN.

As expected, it can be seen in Tab IV.6. That the most effective compatibilizer was a styrene-
ethylene/butadiene-styrene triblock copolymer (SEBS). This substance caused a significant increase

in the ductility of rPS/SAN. Even at as low as 5 wt% compatibilizer, the elongation- values

e
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increased over all samples compatibilized. This is considerably higher than has previously been

reported for PS/SAN blends compatibilized by SEBS. At least two explanations exist for this effect
of the SEBS.
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Figure 1V.21 Shows the evolution of elobgation at break test of rPS/SAN

noncompatibilized and compatibilized blends.

Firstly, the SEBS is a block copolymer with sections that are similar and, thus, compatible, to
the two types of polymers (polystyrene and styrene-co-acrylonitrile) in the blend. It could act
as a surface-active material, reducing the surface tension between the two phases during
processing. This reduction in interfacial tension should result in a reduction of the domain
size that is expected to improve the properties of the mixture. An alternative explanation
offered by La Mantia is that the SEBS is not a true compatibilizer, instead it reduces the
brittleness of at least one of the phases instead of accumulating at the interfaces *°'.

Figure 1V.22 shows the tensile stress-strain curves of the pure recycled PS, SAN, and the
rPS/SAN blends containing different amounts (5 and 10 wt%) of SEBS. It can be seen that
rPS and SAN copolymer presents hard, brittle and fragile character with an ultimate
elongation less than 4%. Howeever, the blend of Recycled PS and SAN without addition of
SEBS does not display any improvement in toughness. It is still brittle and fractured in a
brittle mode. There is no yield point on its stress-strain curves and it broke at a strain of about
3.5%. In other hand the rPS/SAN blend combines the poorest properties of the components.
However, after the addition of only 5 wt% of SEBS to the blend, a completely different
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tensile behavior occurs (Fig 1V.22, curve of rPS30C5), the blends display a ductile behavior
as indicated by the presence of a yielding point. Its stress-strain curve exhibits the
caracteristics of a typical toughned plastic. Such as acrylonitrile-butadiene-styrene terpolymer
and high impact PS. All rPS/SAN blends compatibilized by SEBS exhibited a similar
behavior.

The tensile specimens of these blends show whitening but no obvious necking in the tensile
process. Indicating its ductility and high stiffness while the fragile character was maintained,

corroborating the results of impact strength, which were similar.
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Figure 1V. 22 Stress versus strain plots of rPS, rPS/SAN blend and compatibilized

ones as function of rPS content.
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In contrast, the incorporation of the third component SEBS with 5 and 10 wt% produced a
higher strain compared to SAN, rPS and rPS/SAN blends, and changed the brittle fracture to a
ductile fracture, This increase in strain and absorption of more energy indicates an increase in
flexibility of the compatibilized samples in comparison to samples rPS, SAN and rPS/SAN. It
is noteworthy that the increase in flexibility in compatibilized samples compared to samples
without SEBS is consistent with the results of impact strength already presented. It may be
noted that the compatibility of blends was improved upon SEBS addition for all samples
analysed, which resulted in a gradual increase of elongation at break. Similar results were
reported in the literature. Diaz et al *’ reported that the increase in elongation at break due to
the adhesion between matrix and dispersed phase. It is importantto note that an increase
in toughness is normally associated with a decrease in stiffness and strength, in
our case the addition of the SEBS only caused a moderate decrease in these important

mechanical properties.

1VV.2.3 DSC analysis and morphology observation

The glass transition behavior of rPS, SAN, and their blends, without and with SEBS as
compatibilizer, at different concentrations was studied by DSC (Figure 1V.23). The results

obtained for samples with 30, 50, and 70 wt% rPS are summarized in Table IV.7
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Figure 1V.23 DSC scans of rPS/SAN blends without compatibilizer SEBS
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It can be seen that the Tg values of rPS and SAN determined were 89.04°C and
110°C, respectively. The range of testing temperature was from 0 to 150°C. The Tg of the EB
part in SEBS was not included in this range, and the Tg of the styrene block in SEBS was
probably overlapped by the Tg of rPS. However, as SEBS was added into rPS and SAN,
their Tg changed to 98.83°C and 107.53°C, respectively. Two Tg’s occurred in the rPS/SAN
alloy, namely, a Tg2 of 106.33°C for SAN phase and the other Tgl of 89.93°C for rPS30
phase. There were also two Tg’s in rPS50 and rPS70 alloys. Moreover, all the blend
compositions show two distinct Tg’s corresponding to neat rPS and SAN phases, suggesting
the immiscible nature of the blend. Generally, the decrease in the difference of the glass

transition temperatures of the two phases implies an improved compatibility in the polymer

alloy.
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Figure 1V.24 DSC scans of rPS/SAN blends with SEBS.

Table IV.7 Glass Transition Temperatures (Tg) of rPS, SAN, and their blends.

Samples Ratio Ty (°C) T2 (°C) T — Tg

(°C)

rPS - 89.04 -

SAN - - 110

rPS/SAN 30/70 89.93 106.33 16.4
50/50 89.96 107.23 17.27
70/30 89.56 104.75 15.19

rPS/ISAN/SEBS  30/70/5 98.83 107.53 8.7
30/70/10 101.12 107.59 6.47
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The Tg difference (Tg2 - Tga) in the rPS/SAN/SEBS blends is lower than that of the rPS/SAN
blends, which confirms that the SEBS can enhance the compatibility of the rPS/SAN blends..

This could be proved by morphology observation as follows.

1V.2.4 Scanning electron microscopy (SEM)

The phase morphology of immiscible polymer blends depends on several factors
including composition, processing conditions, interfacial tension, and rheological properties
of the individual constituents. The micrographs of the cryogenically fractured surface of
rPS/SAN and rPS/SAN/SEBS compounds are displayed in Fig. 1V.25-26, with major content
of SAN (rPS30) and major content con rPS (rPS70), respectively. By analyzing morphology
of physical blends, it is possible to note that in both cases there are fragile-ductil fracture
edges and wide distribution of domain sizes. The inspection of these micrographs indicates
two phases with different domain size and shape, which reveal immiscible character of

rPS/SAN, with voids presence and disperded particles.

Figure 1V.25 SEM micrographs of cryo-fractured surfaces of rPS/SAN with SEBS : (a)
rPS/SAN 30/70, (b) rPS/SAN/SEBS 30/70/5, (c) rPS/ISAN/SEBS 30/70/10.
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It is well known that the polymer present in the lower concentration usually forms a
discontinuous phase whereas the polymer present in the higher concentration forms a
continuous phase and such morphology of blends is usually named a particle-in- matrix type.
In addition, low interaction is noted, which suggests poor dhesion between recycled PS and

SAN, due to the weak interfacial interaction Among the phases in the blends.

In general, high Interfacial tension of the blends with poor compatibility will cause poor
transference of load from matrix to the dispersed phase, leading to a smooth morphology.In
compatibilized blends with 5 and 10 % of SEBS it can be clearly observed a size reduction

of dispersed particles in recycled PS matrix compared to the binary blend. This result agrees

with literature “°?. This effect is related to the compatibilizer migration to the blend
[16]

interfaces, promoting a reduction of interfacial energy and avoiding coalescence

Figure 1VV.26 SEM micrographs of cryo-fractured surfaces of rPS/SAN with SEBS : (d)
rPS/SAN 70/30, (e) rPS/SAN/SEBS 70/30/5, (f) rPS/SAN/SEBS 70/30/10.

The compatibilizer diffusion to the interface is reinforced as observed in Figure 8, which
indicate the prominent compatibilization of the SEBS. The possible reasons are that SEBS
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facilitates the dispersion of the recycled PS dispersed phase and results in strong interfacial
adhesion of the rPS/SAN blends.

In conclusion, compatibilizer play a key role to improve the interfacial adhesion between the
components and to reduce the interfacial tension between the components. They exhibit
interfacial activities in heterogeneous polymer blends. The interfacial activity of
compatibilizers helps to stabilize the morphology by enhancing interfacial adhesion.
Compatibilizers resist the coalescence of dispersed phases, thereby reducing the interfacial
tension and the size of the dispersed domains which results in an increase of adhesion at the

Interface and improved properties of the final product. Commonly used compatibilizers are

block, graft, or random copolymers consisting of dissimilar blocks “*'.

74



Results and discussion CHAPTER IV

CONCLUSION

In this part of research, the rheological, mechanical and morphological properties of the
recycled PS, rPS/PSAN and rPS/SAN/SEBS blends were studied. The addition of SEBS
copolymers increased the viscosity of all composition at low frequencies suggesting that the
reactions between the copolymers and blend was achieved. The complex viscosity increased
with the increase in the copolymers content. It was also observed that G* become higher than
G” at low frequencies indicating that a refined morphology was obtained. A significant
improvement in compatibilisation and toughness of recycled PS and SAN was achieved
through the use of SEBS. The evidences of compatibilisation were obtained from the impact
properties and the mechanical properties. The result shows that adding SEBS to rPS/SAN
blends improved toughness and elongation but decreased strength and stiffness because of its
rubbery character. The SEBS acts as an interfacial agent between the matrix and the dispersed
phases. It lowers the interfacial tension and improves the interfacial adhesion. These results
were confirmed by SEM observations which revealed that the incorporation of SEBS was
effective in reducing the domain size of the recycled PS or SAN dispersed phases. The DSC
analysis and the SEM photos confirmed that SEBS could greatly enhance the compatibility of
the rPS/SAN blends, The overall variations in all properties suggest that the SEBS copolymer
could be used as an effective compatibilizer for the rPS /SAN mixtures.
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Chapter V. General conclusions and recommendations

V.1 General Conclusions

In the present work, attempts were made to develop a polymer with desirable properties by
mixing two hard and brittle polymers, PS and SAN, with a triblock SEBS thermoplastic
elastomer. Mechanical, thermal and rheological studies, and electron microscopy of blends
containing PS with SAN and SEBS, have been carried out in order to elucidate the

morphology and characteristics of these blends.
From the result of these investigations, the following conclusions can be drawn:

1) PS/SAN blends without compatibilizer exhibit tensile properties and impact strength
lower than pure polymers, due to the immiscibility and lack of interfacial adhesion
between the two polymers.

2) Addition of SEBS as compatibiliser in the PS/SAN blends caused that the blends
became compatible. It was found that the tensile modulus and strength of PS/SAN blends
decreased with increasing the compatibiliser content because of the rubbery nature of
SEBS. The presence of SEBS in the blends system enhanced the interfacial adhesion
between PS and SAN phases.

3) The elongation at break of the PS/SAN increased very significantly by the addition of
SEBS at all composition studied.

4) Impact strength showed a similar trend as compared to elongation at break. This
indicates that SEBS compatibilizer enhanced the interfacial adhesion and improved
the compatibility of the blends.

5) The DSC results for blend of PS/SAN confirm the miscibility by recording one glass-
transition temperature located between the values of the pure polymers; its value
decreases with increasing PS proportions.

6) The DSC results for blend system of PS/SAN/SEBS gave a good indications of
improvement in state of partial miscibility.

7) The SEM results for blend system of PS/SAN at low proportions of PS or SAN show
That the minor phase is dispersed in the continuous matrix phase, while for intermediate

proportions show co-continuous phases.
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8) The addition of SEBS copolymers increased the viscosity of all composition at low
frequencies suggesting that the reactions between the copolymers and blend was
achieved.

9) The complex viscosity increased with the increase in the copolymers content. It was also
observed that G* become higher than G” at low frequencies indicating that a refined
morphology was obtained.

10) An improvement in compatibilisation and toughness of PS and SAN was achieved
through the use of SEBS

11) In general the morphological behaviors of polymer blends depend strongly on blend ratios
and method of preparation. To satisfy the goal of blend formulation to achieve additive
behavior, a machine of high mixing quality must be used.

12) The overall variations in all properties suggest that the SEBS copolymer could be used as

an effective compatibilizer for the rPS /SAN mixture.
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V.2 Suggestions for future work

Based on the experience gained during this study, the following recommendations for

future work can be made

1.

In this thesis, the test result of pristine PS and recycled PS has been analyzed
separately. So another possibility of improving the test could be adding raw material
or pristine polystyrene with the recycled polystyrene during the recycling process in
order to analyze how the mixing can change the properties of the material.

Extend the investigation of PS/SAN with different reactive compatiblizer method.
Extend the investigation of PS/SAN blend with casting method.

The possibilities and suggestions to improve this experiment for the future work has
been discussed along with the limitations. First of all, one of the biggest limitation
during the experiment was not having good amount of PS recycledas it was quite
challenging to collect post-consumer cups. Since PS is a very brittle in characteristics,
during the recycling process a fair amount of material has been lost as waste which
was realized after starting the process. The number of recycling runs could have
increased to at least 3-5times if there was enough material for the test. So in order to
do the similar test, it is recommended to start recycling with good enough material

considering the wastage fact.
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Figure 1. DSC thermograms of recycled PS/ SAN without and with SEBS compatibilizer.
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Figure 2. Torque vs time data of recycled PS, SAN and RPS/SAN blends without and with
compatibilizer.
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Abstract

The thesis involved preparation of polymer blend as two systems, the first polystyrene with styrene
acrylonitrile copolymer PS/SAN, rPS/SAN and the second PS/SAN/SEBS prepared by melt compounding
in Haake extruder (Brabender). Different composition ratios were used with the aim of arriving at the best
physical blending percentage, studied the effect of recycled PS and SEBS compatibilizer.

In order to study the influence of blending on the mechanical properties, rheological,thermal properties and
morphology several tests are performed including (tensile, impact resistance, Differential scanning
calorimetry and dynamique thermomechanique analysis (DSC, DMAT), optical microscopy and scanning
electron microscopy(SEM). It was found that the addition of the compatibilizer increases the mechanical
properties, complex viscosity, and thermal stability the results from this work show that properties for blend
system PS/SAN at compositions 30/70, 50/50 and 70/30 have mechanical properties much better than the
pure constituents. And the mechanical properties for the blend system of PS/SAN with compatibilzer SEBS
are better than PS/SAN without SEBS, dependent on the amount of SEBS content, The thermal properties
(DSC, DMTA), for blend system of PS/SAN gives good indication of improving state of miscibility for
most blend ratios; there is only one glass transition temperature between the two values for pure polymers.
The optical microscope and SEM results for both systems fully support the results obtained from the
mechanical properties.

Keywords: Mechanical properties recycled Polystyrene, PS/SAN, DSC, Compatibilization.

Résumé

Ce travail porte essentiellement a la préparation d'un mélange de polymeres sous forme de deux
systémes, 1’un est le polystyrene avec un copolymeére de styrene acrylonitrile (PS/SAN, rPS/SAN)
sans compatibilisant et ’autre avec 1’ajout du SEBS. Ont été préparé par malaxage a I’état fondu a
I’aide d’un mélangeur interne (Brabender), 1’effet de la composition des mélanges du PS/SAN
sans et avec agent compatibilisant SEBS a été suivi par des tests dont (traction, résistance
aux chocs, calorimétrie différentielle a balayage et analyse thermomécanique dynamique (DSC,
DMAT), microscopie optique et microscopie électronique a balayage ( SEM) .1l a été trouvé que
I'ajout de SEBS augmente les propriétés mécaniques, la viscosité complexe et la stabilité
thermique, les résultats de ce travail montrent que les propriétés du systeme de mélange PS/SAN
avec les compositions 30/70, 50/50 et 70/30 ont des properties superieur par rapport les pures
polymers. Les propriétés thermiques (DSC, DMTA), pour le mélange PS/SAN, donnent une bon
indication de I'amélioration de I'état de miscibilité du compositions de mélange; il n'y a qu'une
seule température de transition vitreuse entre la valeurs des deux polymers . Les résultats du
(SEM) properties pour les deux systemes confirme les résultats des propriétés mécaniques obtenu.
Mots-clés: propriétés mécaniques, polystyrene recycle, PS/SAN, DSC, compatibilisation,.
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Abstract

In this study, the effect of styrene-b-(ethylene-co-butylene)-b-styrene (SEBS) as
compatibilizer on polystyrene/poly(styrene-co-acrylonitrile) copolymer (PS/SAN) blends
was investigated. For this purpose, blends of various compositions with different
content of compatibilizer were prepared bymelt blending using a co-rotating twin-
screw extruder, and their physical properties, namely the mechanical properties
including tensile and impact tests, thermal properties by differential scanning
calorimetric (DSC) and thermal stability by thermogravimetric analysis (TGA), studied.
Morphologi- cal observations using scanning electron microscope (SEM) and
viscoelastic properties using dynamicmechanical thermal analysis (DMTA) were also
carried out. The results revealed that the mechanical properties were highly improved
due to the addition of SEBS which allowed the increase of the blend ductility by
enhancing the elongation at break and impact strength. SEM micrographs revealed
that the droplet-matrix microstructure was notably refined and the droplets size
decreased from 6.7 um to

2.37 um in the presence of the compatibilizer. DSC results showed a single glass
transition temperature(Tg) for the composition PS/SAN (30/70) compatibilized with 5
and 10% wt of SEBS which confirmsthe compatibilization of the blend for these
compositions.

1.Introduction

Blending of polymers provides an efficient way to achieve useful combinations of the individual
attributes of the neat components, thus avoiding the need to synthesize new polymers [1, 2].
One of the most important commercial plastic nowadays is polystyrene (PS). This polymer is
actually widely used in automobile industry, household and electrical/electronic appliances [3] as
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well as in
the
manufactur
e of
packing
containers
[4,5]. In
order to
improve
PS
properties,
particularly
its impact
resistance,

Mater. Res. Express 6 (2019) https://doi.org/10.1088/2053-

the polymer has been compounded with several other materials. In this context, Buthaina and
Karrer [6] investigated the tensile and thermal properties ofthe blend formed from PS and
acrylonitile/butadiene/styrene (ABS) copolymer that they prepared by melt blending in a single
screw-extruder with various compositions. The results revealed better mechanical properties for
the blend system than those of the neat polymer. The thermal study also showed a single
glasstransition temperature thereby confirming the complete miscibility of the blend.
Furthermore, Nina et al [7]observed improvements in the impact strength of compatibilized
PS/polybutadiene (PB) blends prepared bysolvent casting technique. Similarly, Joseph and
Thomas [8] studied the influence of PS/PB blend ratio on their morphology and mechanical
properties.

The blend formed from polystyrene (PS) and SAN (styrene-acrylonitrile) is an important material
because itcombines the desirable properties of PS such as good processability, rigidity and low cost
[9] with the high

© 2019 IOP Publishing Ltd
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thermal stability and good mechanical properties of SAN [7, 10, 11]. However, most polymers are
immiscible and the PS/SAN blend is not an exception [12]. PS/SAN blend exhibits a poor
interfacial adhesion which causesheterogeneous morphology, weak dispersion, phase
separation and weak mechanical properties (low tensilestrength, modulus and ductility) [13,
14]. Therefore, in order to improve the PS/SAN blend miscibility andachieve better
properties, the compatibilization process is usually necessary [15, 16]. Yang et al [3] studied the
compatibility of PS/SAN blend and the results indicated an upper critical solution
temperature (UCST) behavior for PS/SAN (49/51) blend containing 20% of acrylonitrile with a
171.8 °C of UCST temperature.

Fowler et al [17] studied the effect of mixing technique and sequence on the distribution of
core-shell impact modifier particles, methacrylated butadiene-styrene (MBS) type, in a two-
phase PS/SAN blend and found thatthe MBS particles are located exclusively in the SAN

phase or lined up at the interface. Hyun et al [18] investigated the properties of the blend
consisting of syndiotactic PS and polystyrene-block-poly(ethylene-co- butylene)-block-
polystyrene (SEBS) triblock copolymer. This study revealed that the morphology and impact
and tensile properties were greatly affected by SPS block ratios and the molecular weight of

SEBS.

SEBS has also been used as an effective compatibilizer for many polymers blends including
PS or SAN. Thiscopolymer acts at the interface between the polymeric phases, reduces the
interfacial tension and stabilizes the morphology by diminishing the coalescence phenomena
which results in a finer dispersion of the dispersed phase into the matrix [17,19-25]. Xu et al
[26, 27] used SEBS as compatibilizer for PS and low density polyethylene (LDPE) blend. They
reported that the mechanical properties melt rheological behavior, deformation, and toughening
of PS/LDPE have been extensively affected by the SEBS ratio into the blend.

Correspondingly, Taha and Frerejean [27] compatibilized the PS/LDPE blend using SEBS and
styrene/ ethylene-butylene (SEB). They reported that the finest and more stable dispersion are
obtained with diblock copolymer. Li et al [28] observed also that both SEB and SEBS copolymers
efficiently reduce the PS domain size.Schwarz et al [29] used SEBS to compatibilize the
immiscible blend of high density polyethylene (HDPE) and a copolymer of PS and polyether. Yin et
al[30] investigated the effect of SEBS on PC/SAN blends and concluded that the addition of
SEBS increases the 1zod notched impact strength and the elongation at break however it
decreases the tensile and flexural strengths.

Regarding the high effectiveness of SEBS triblock copolymer in increasing the respective PS
and SAN mixtures mechanical properties and also in refining their morphologies, it seems
that, it should be also an efficient component for compatibilizing the binary mixture of both
polymers. So, this work proposes to investigate the effect of the addition of SEBS triblock
copolymer as compatibilizer for PS/SAN blends. The motivation is the existence of a similar
structure between the blend matrix and SEBS which contains segmentschemically identical to
those of PS and SAN phases. The improvement in the interaction between both phaseswould
lead to animprovement in the mechanical properties of the blends that would allow the
recycling of PSand SAN, the two most common polymers found in electronic plastic waste.

There is not research work in the literature that reports on the study of the effect of SEBS as
compatibilizer on the morphological, mechanical and thermal properties of PS/SAN blends.
Hence, in this study, the compatibilizer SEBS will be added at different concentrations. The
microstructure will be investigated by analyzing the SEM images to determine the SEBS
distribution into the PS and SAN phases and its effect on the blend morphology. Also, to verify if
the mechanical properties have been improved, tensile and impact tests willbe performed.
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Finally, to determine the impact of the addition of SEBS on the two phases (PS and SAN), their
glass transition regions will be characterized by both viscoelastic and thermal analyses.

2.Experimental

2.1. Materials

The used polystyrene has the trade name GPPS 1540 and was obtained from Total
petrochemical, Belgium. PS has the following characteristics: density: 1.05 g cm™3, Mw =
300,000, Mn = 87,000; Mw/Mn = 3.4). The poly(styrene-co-acrylonitrile) (SAN) has the trade
name Luran 368 R and contains 22 wt% of acrylonitrile (AN).It was supplied by BASF, Germany,
has a density of 1.08 g cm™ and a melt flow rate (MFI) of 11 g/10 min). The SEBS triblock
copolymer is a Kraton G 1651 product supplied by Kraton Polymer (USA). It has a molecular
weight of 20,000 g mol ' and a styrene content of 28 wt%.

2.2. Melt blending

Prior to processing, the neat polymers PS, SAN were dried at 80 °C and 100 °C, respectively,
overnight in a vacuum oven. Uncompatibilized and compatibilized PS/SAN blends of various
compositions were prepared. The uncompatibilized mixtures contain 0, 30, 50, 70 and 100 wt%
of SAN and are denoted respectively as PS, PS30, PS50, PS70, and SAN. The compatibilized
blends consist of the same contents of PS and SAN with 5 and 10 wt% SEBS and are denoted
according to the same designation but with C5 or C10 termination, respectively.
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Table 1. Compositions of blends

withand without compatibilizer.

Composition (Wt%)

Samples PS SAN SEB

S
PS3o0 30 70 —
PSso 50 50 —
PS7o 70 30 —
PS30C5 30 70 5
PSs50C5 50 50 5
PS70C5 70 30 5
PS30C10 30 70 10
PS50C10 50 50 10
PS7C10 70 30 10

The melt-blending was performed in a Brabender® (GmbH & Co. KG, Duisburg, Germany)
internal mixer, allowing the monitoring of the torque versus temperature curves for each
formulation. The mixing was operatedat 210 °C during 10 min and at a rotor speed of 50 rpm. At
the start, PS and SAN were allowed to soften for 2 minthen SEBS was added thereafter. At the
end of the mixing process, the molten mixtures were removed from the chamber, cooled then
pelletized. Samples for the mechanical and viscoelastic characterizations were compression-
molded at 200 °C for 8 min in a preheated hydraulic press. The blends compositions are
summarizedintable 1.

2.3. Characterization
2.3.1. Scanning electron microscopy (SEM)

Cryogenically fractured surfaces of PS/SAN blends specimens were observed, after gold-
coating, by scanning electron microscopy using a Hitachi S-27100 (Japan) electron microscope
operated at 15 kV. The average diameter and volume Rn and Rw, respectively, of the cross-
section particles were evaluated by measuring and counting at least 100 particles from the
PS/SAN and PS/SAN/SEBS blends micrographs. The calculation of theparticles average
number and volume diameter values was performed using the following equations (1) and (2)
[31]:

R, = Qni * Ri/Qni ()
Re = Qni * R,/ /Qmi * RY (29
Where niis the number of droplets ‘i’ of diameter Ri.

2.3.2. Thermal properties
Differential scanning calorimetry (DSC) measurements were carried out in a Perkin EImer DSC

8500 instrument connected to a liquid nitrogen cooling accessory with a nitrogen purge. For the
DSC scans, roughly 10 mg of each sample were used under the following conditions:
temperature range: 40 °C-150 °C; heating rate:20 °C min™1.

Dynamic mechanical analysis (DMA) was carried out in a TA Q800 Instrument. The scans
were carried outfrom -100 °C to 140 °C at a constant heating rate of 4 °C min""and ata
frequency of 1 Hz.

Thermogravimetric analysis (TGA) was performed on TA Q500 apparatus under nitrogen
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atmosphere. Samples of 5-9 mg weight were heated from 25 °C up to 600 °C in Hi-Resolution
mode with an initial heatingrate of 10 °C min™.

2.3.3. Mechanical testing
The tensile behavior of the samples was evaluated using a Universal Testing Instron 4301 (USA)

machine. At least seven specimens for each formulation were tested at a cross-head speed
of 10 mm min~'. Young’s modulus, tensile strength and elongation at break were determined,
and the average values were calculated thenreported.

Notched Izod impact test was performed at room temperature using a resilimpactor
(Ceast 6548). Fivereplicates of each composition were tested and the average values were
recorded to check the good reproductibility of the experiment.
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PS30C10 PS70

3.Results and discussion

3.1. Microstructure analysis
Morphology of polymer blends depends on several factors such as the composition, the mixing
conditions and the interfacial tension between the mixed polymers. Figure 1 exhibits the
microstructure of PS30 and PS70 blends prepared without and with 5 and 10 wt% of SEBS as
compatibilizer. Also, table 2 reports the values of Rnand Rw as determined for uncompatibilized
and compatibilized PS30 and PS70 blends using Image J analyzer.

The micrographs of figures 1(a)—(f) showed a droplet/matrix two-phase morphology typical of
immiscible polymer blends. The PS phase in PS30 blends was dispersed as spherical domains
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with a droplet size of 1.70 umwhich seems to be the result of the interplay between the
mixture composition, the mixing conditions, the existing interfacial tension and finally the
system rheology [32]. After adding 5 and 10 wt% of SEBS, the PS droplet size decreased
significantly to attain 5.52 and 2.37 yum, whereas Rw presented values of 13.86 and
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Table 2. Average size of holes in
SEM morphology of the blend
analysed withlmageJ software.

Composition Rn Rw
(um) (um)
PSzo0 3.70 10.69
PS30,C5 5.52 13.86
PS30C10 2.37 10.57
PS7o 7.58 13.14
PS70C5 4.50 9.71
PS70C10 3.43 8.57

Table 3. Mechanical properties of the uncompatibilized and compatibilized PS/SAN blends.

Samples Tensile strength Tensile modulus Elongation at break Impact strength (kJ
(MPa) (MPa) (%) m™2)
SAN 51+4 3140 + 50 2+0.2 11 +1
PSso 28+ 3 3010 + 80 1.1 +£0.04 32+ 07
PSso 30+ 4 3150 £ 90 1.06 £ 0.06 3.1+£0.1
PS7o 22 +£2 3040 £ 70 0.8 £0.01 26+0.9
PS 30 +1 2920 % 40 1.2+ 0.03 29+13
PS30,C5 294 £ 0.7 2800 + 90 3.0+0.2 41+£09
PSs50C5 23.5+ 0.6 2720 = 60 2.1+0.04 34+05
PS70C5 27+ 6 2690 + 90 1.2+01 3.1+0.7
PS30C1 27 £ 4 2400 = 60 4.7 £ 0.9 52+04
0
PSs0C1 21+0.8 2180 = 80 42 +0.8 3.8+0.7
0
PS70.C1 21. £1 2320 £ 70 1.7+£0.5 3.5+0.8
0

10.57 um, respectively. Similarly, the PS70 blends showed a considerable morphology refinement
as the SEBSconcentration increases. The SAN droplet size decreased from 7.58 for the
uncompatibilized blend to 4.50 and

3.43 um for the blends compatibilized, respectively by 5 and 10 wt% of SEBS. At the same time,
Rw declined from 13.14 for the blend without SEBS to 9.71 and 8.57 um for the blends with 5
and 10 wt% of the compatibilizer. The evident reduction in the droplet size of PS and SAN with
increasing the SEBS concentration resulted from the decrease in the interfacial tension which is
expected to be caused by the localization of the SEBSmolecules at the interface between the
droplets and the matrix.

3.2. Mechanical properties
3.2.1. Tensile properties of PS/ISAN blends

The assessment of the mechanical behavior of blends is considered as the more crucial
parameter to conclude about the compatibilizing effect. Generally, immiscible blends show poor
mechanical properties due to the weakinterfacial adhesion between the components [33]. The
results of tensile test including tensile strength, tensile modulus, and elongation at break and
those of impact strength for PS/SAN blends are summarized in table 3. It can be seen thatthe
mechanical properties of SAN are higher than those of PS.

Figures 2(a)—(c), shows the variation of PS/SAN blends tensile properties as a function of both
blend ratio and compatibilizer content. As expected, PS and SAN are immiscible and did not
show any improvement in the mechanical properties for the whole studied compositions. This may
be due to the weak interfacial adhesion betweenthe PS and SAN phases [34], which induces a poor
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stress transfer between the two phases of the blends [35].

From figure 2(a), it can be seen that the tensile strength of PS/SAN blends As seen in the table
3 the values oftensile strength of the uncompatibilized blends is higher than compatibilized
ones. After the addition of 5 wt% of SEBS, the tensile strength of the PS/SAN blend exhibits a
slight increase, especially, for the PS30, PS50 andPS70 mixtures. This result is attributed to the
favorable intermolecular interactions between PS/SAN, which is originated from their structural
similarity and expected compatibility between the PS and SAN matrix phases and the
compatibilizer segments [36]. However, the addition of 10 wt% of compatibilizer produces a
lowertensile strength compared to the sample with 5 wt% of SEBS. This could be explained by
the eventual effect of SEBS micelles in the blend when was added with higher concentration

The evolution of the PS/SAN blends tensile modulus as a function of both the PS and SEBS
contents is displayed in figure 2(b). The tensile modulus of the pure PS and SAN are 2920 MPa
and 3140 MPa, respectively. The tensile modulus of uncompatibilized mixtures show higher
values than that of the PS due to the contribution of the SAN phase and to the fact that the
tensile modulus is closely related to the harder domain of the material [37]. After adding SEBS,
the tensile modulus shows a sharp decrease and it is observed that the
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higher the SEBS content, the lower are the blends moduli. The tensile strength and tensile
modulus of the PS/ SAN blends are found to be negatively affected by the addition of SEBS due
to the elastomeric nature of the later.Thus, the incorporation of soft molécules belonging to an

elastomer compatibilizer as it is the case of SEBS triblock copolymer which plays a majorrole in
improving the blend ductility by inducing a transition from a brittle behavior of the incompatible
mixture to a more ductile one. This is due to better interphase adhesion andthe rubbery nature
of the compatibilizer. As revealed in literature by la Mantia et al [38], the SEBS is able of
reducing the brittleness of at least one of the two phases and locates selectively at the interface.
Figure 2(c) shows the variations of the elongation at break as a function of both the blend ratio
and SEBS content. It can be observed that the elongation at break of uncompatibilized blends
shows lower values compared to the pure components and itincreases as the SAN contribution
in the mixture increases. As SEBS is added, the blends ductility is favored and an enhancement
of the elongation at break is registered, particularly for 10 wt% of the compatibilizer as shown in
table 3. These results confirm the effectiveness of SEBS as a compatibilizer for PS/SAN blends
and fit well with those found by other researchers [39] who have reported thatthe elongation at
break shows a positive deviation for the composition 25/75, thus indicating some favorable
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interactions between the component of blend .

3.2.2. Impact strength of PSISAN blends
The notched Izod impact strength is used to evaluate the toughness of the samples. The

variations of the impact strength for PS/SAN blends before and after the incorporation of SEBS

are shown infigure 2(d). Like for tensile
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properties, the impact strength of SAN is higher than that of PS and as expected, the uncompatibilized
blends reveal lowerimpact strength values than those of the neat polymers, due to the mixtures
immiscibility. After the blend compatibilizing, the impact strengthincreases for both 5to 10 wt% of
SEBS. The increase is more prominent for the composition PS30 containing 10 wt% of SEBS and
more SAN. This demonstrates that the adhesion between the PS dispersed phase and the SAN matrix
phase has been notably increased and that the stress is actually more efficiently transferred from one
phase to the other. Also, this confirms that SEBS triblock copolymer is very effective for overcoming
the brittleness of the uncompatibilized PS/SAN blend and forinducing a more energy dissipative
processwhich is reflected ina more ductile behavior of the blends, as also concluded from the tensile

test.

3.3. Thermal behavior of the

blends To ascertain the immiscibility and study the thermal properties of PS/SAN blends, DSC
and DMA analyses havebeen performed (figures 3 and 4, respectively) and the glass transition
temperatures of PS and SAN in both uncompatibilized and compatibilized have been determined
(table 4). A miscible system blend normally exhibits a single Tg characteristic of a unique phase
system, whereas, a two phase-separated blend exhibits two glass transitions. As determined
from DSC, neat PS and SAN exhibit Tg values around 93 °C and 111 °C, respectively, while from
the variations of the loss modulus or damping factor (Tan 9), higher values are obtainedand they
are about 102 and 118 °C for PS and SAN, respectively. This difference may be attributed to the
different nature of the response of the sample toward DSC and DMA analysis conditions [40].

After melt blending without compatibilizer, the DSC thermograms showed that all the blends
compositions PS30, PS50 and PS70 exhibited twodistinct Tg values slightly different from those
of the neat PS and SAN phases, thus suggesting the immiscible nature of the blend Indeed, the Tg
values of PS and SAN phases, particularly for PS50 and PS70, have changed probably due to the
occurrence of interactions between the PS and SAN phases. However when the SEBS was added
to blend with 5 and 10 wt %, a slight shift toward higher and lower temperature for both PS and SAN
respectively. The same trend is observed for the DMA analysis, which pointed out that the closeness
ofthe PS andSAN Tg values caused the merging of the glass transition peaks as an indication ofa
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somewhat blend compatibility.

SEM photographs demonstrate the existence of a two phase morphology and therefore, the
existence of a single Tg can be only explained by the impossibility to detect the Tg of the PS
phase, due probably to the sum ofthe facts that the low content of PS makes the change in
calorific capacity small (as seen for PS30) and that theimprovement on the interfacial adhesion
produced by the compatibilizer increases slightly the Tg value for PS phase and probably makes
it wider which makes it difficult to distinguish the transition.

3.4. Thermal stability of PS/SAN blends
Thermogravimetry (TG) was performed to estimate the effects of the compatibilizer on the
thermal stability andthermal decomposition behavior of PS/SAN blends. The TG and DTG
curves giving, respectively, the weight variations with temperature and its derivative, versus
time for PS, SAN and their uncompatibilized and compatibilized PS/SAN blends are shown in
figure 5. The thermal decomposition values are listed in table 5. It
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Table 4. Glass transition temperatures as measured from DMTA and
DSC analyses for PS and SAN phases into uncompatibilized and

compatibilized PS/SAN blends.
Mesured from DMA

Mesured from DSC

Tg Tg
Composition PS SAN /°C Tg (PS) Tg
/°C (SAN)
SAN — 118 — 111
PS30 102. 114.8 105 109
3
PS50 95.6 105.7 94.1 110.6
PS70 95 104.5 94.2 112.6
PS 102 — 93 —
PS30C5 115. 109.3
5
PS50 C5 101. 113.3 101.7 113.8
2
PS70C5 97 107.2 99.7 112
PS30C10 116 110.8
PS50C10 101. 112.4 104.5 112.2
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PS70C10 102. 113 105.3 114.5

can be seen that pure PS presents a slightly lower thermal stability than SAN, they start to lose
weight (Tonset) at about 353 and 363 °C and they end at Tend of 416 and 418 °C and reveal a
T50 where half of the sample has beendecomposed at around 400 and 402 °C, respectively. The
neat PS/SAN blends exhibit a relatively better thermal
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Table 5. Thermal stability parameters as determined from TG and DTG
thermograms for PS,SAN and their blends with and without compatibilizer.

Samples Tonset Ts0% Tend Trmax(® Residue 475 oc
©C) (°C) (°C) C) (%)
SAN 363 402 418 405 0.25
PSa3o 362 404 421 407 0.19
PSso 361 403 420 407 0.25
PS7o 360 404 421 408 0.17
PS 353 400 416 405 0.01
PS30C5 363 409 423 409 0.2
PS50C5 364 407 425 411 0.25
PS70C5 359 410 424 411 0.11
PS30C1 362 407 423 409 0.36
0
PSs50C1 364 407 424 410 0.17
0
PS70C1 361 407 424 410 0.46
0

stability as withessed by the notable increase observed on the values Tonset, Tend and T50,
thus pointing out thebenefits of incorporating the SAN copolymer to the PS. After the
incorporation of SEBS, the PS30 thermal behavior is further improved due to the better
dispersion and size refinement of the PS phase and to the localization of the compatibilizer at
the interface between the two phases thus favoring a barrier effect. The localization of SEBS
molecule at the interface contributes in delaying the SAN phase degradation that could be
induced by the decomposed PS phase.

4.Conclusions

In this work, the effect of SEBS compatibilizer on the properties of PS/SAN blends was studied. It
was found that the addition of 5 wt% of SEBS has a beneficial effect onthe morphology,
mechanical and thermal properties of the blends. The PS/SAN blend without SEBS did not
improve its mechanical properties due to the weak interfacial adhesion between PS and SAN
phases. However, materials with improved mechanical properties have been obtained when the
adhesion between the PS and SAN phases has been enhanced by the presence of SEBS. These
results were confirmed by SEM observations which revealed that the incorporation of SEBS was
effective in reducing the domain size of the PS or SAN dispersed phases. The DSC results
revealed that the compatibility of blend is improved with addition of compatibilizer SEBS. A single
Tg was observed only for PS30 blend with 5 and 10 wt% of SEBS, thus confirming a better
adhesion betweenthe two phases. The TGA analysis indicated that thethermal stability of
PS/SAN blends increased with increasing SEBS content. The overall variations in all properties
suggest that the SEBS copolymer could be used as an effective compatibilizer for the PS /SAN
mixtures.
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