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P

reface

Styrenic polymers are amongst the economically most important plastics. They
combine benign processing with a large variety of product properties – from stiff
and transparent to tough and durable. The fact that styrene can be polymerised by
different reaction mechanisms (radical, ionic and metal catalysed) makes this line of
products unique in terms of their properties and applications (Chapter 1).
The basic structure/property relationships are explained in Chapter 3 using polystyrene
as example. Polystyrene is the first representative of styrenic polymers and gained
importance in applications such as food packaging or foams. By copolymerising
styrene with acrylonitrile, a whole new series of product lines open up, called the
styrene copolymers. Examples such as acrylonitrile-butadiene-styrene copolymer
(ABS), acrylonitrile-styrene-acrylate copolymer (ASA) or styrene-acrylonitrile
copolymer are used in applications such as automotive interior and exterior parts,
computer and printer housings and toys. Acrylonitrile makes the polymers stiffer,
more ductile (when impact modified) and significantly more resistant against fats
and oils. The styrene/butadiene copolymer lines are mostly transparent, stiff and/
or tough products used in transparent food packaging or diverse injection moulded
parts. The great variety of styrenic polymer applications stem from the multitude of
structures possible on a molecular and mesoscopic level: anionic styrene/butadiene
polymers show nanoscopic phases of spherical, lamellar, cylindrical bi-continuous
morphology, depending on phase/volume ratio of (hard) styrene and (soft) butadiene
segments. The spacings between the segments are well below the wavelength of light
and, thus, these polymers are typically highly transparent despite being multi-phased.
Other polymers such as ABS or ASA are based on defined rubber particles often with
multi-phase structure such as core-shell or multi-core-shell and have a particle size
within the wavelength of visible light or slightly below. Consequently, those polymers
scatter light and appear opaque, while being tough, because of the core-shell rubber
particles, dispersed in a matrix of, for example, a styrene/acrylonitrile polymer.
A further multiplication of possible morphologies is available by blending styrenic
polymers with other polymers. Styrene/acrylonitrile copolymers are miscible with
different plastics such as polycarbonate, polymethyl methacrylate, thermoplastic
polyurethanes and some styrene-butadiene-block copolymers. All structures are
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amorphous, i.e., have a non-crystalline structure and, thus, can be easily processed
by injection moulding, extrusion or blow moulding (depending on molecular weight).
The objective of this book is to present a current understanding of the structure/
property relationship of styrenic polymers and to explain them based on selected
examples. By understanding the basic chemistry, supermolecular assembly of block
and graft polymers and microscopic fracture mechanisms, the reader will be able to
quickly derive macroscopic behaviour and, thus, select the most suitable polymer for
a given application. Details of the respective products are shown in Chapters 3 to 5.
A review of new products and applications is given in Chapter 6.
This book will be of interest to those involved in polymer chemistry, polymer
manufacture, including chemical engineers who use polymers.
Norbert Niessner
Daniel Wagner
2013
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Economic Relevance of Styrenic Polymers

Styrenic polymers are amongst the largest volume polymers. After polyolefins,
polyvinyl chloride and polyethylene terephthalate, styrenic polymers annual capacities
amount to approximately 25 million tonnes per year [1] as shown in Figure 1.1.

Figure 1.1 Capacity development of styrenic polymers worldwide

While polystyrene capacities were approximately constant in recent years, acrylonitrilebutadiene-styrene copolymer (ABS) and ABS-type copolymers grew and still continue
to grow. Overall, the underlying market demand grew and became stronger than the
existing capacities, hence, there is a higher capacity utilisation today, compared with
a few years ago.
The basis of the ongoing growth are application developments, product innovations
and organic growth in following key industries, as shown in Figure 1.2:
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•

Automotive and transportation

•

Building and construction

•

Consumer goods

•

Electrical and electronics applications (E&E)/IT/domestic appliances (white goods,
computer, communication, and so on)

•

Leisure/sports

•

Medical and cosmetics

•

Packaging

Figure 1.2 Volume growth of styrenic polymers in different market segments

The growth is based on factors such as:
•

Substitution: formerly used engineering thermoplastics were and still are partly
replaced by styrenic polymers in computers, printers and the communication
industry.

•

Lightweight/economics: especially in automotive, the trend to increase the
amount of plastics used is still ongoing, mainly driven by weight reduction,
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new or additional functions when using plastics, and economic benefits due to
manufacturing advantages compared to traditional materials.
•

Easy processing: the amorphous nature of styrenic polymers make them ideal
for easy and fast processing. State-of-the art food packaging machines are able
to run at high throughput when using polystyrenes; extruded foams in building
and construction or in food packaging are mainly based on polystyrene due to
its benign behaviour during extrusion and foaming.

Styrenic polymers show a set of unique value propositions as shown in Figure 1.3.

Figure 1.3 Unique value proposition of styrenic polymers

Approximately 10 years ago, the market environment for styrenic polymers was
characterised by strong competition, large overcapacities and shrinking profit margins,
especially in the developed markets in Europe and America. A phase of consolidation
followed, for example:
•

Reduction of the number of European ABS producers from eight to four in the
last decade.

•

Consolidation amongst European and American polystyrene producers (e.g.,
INEOS-Nova 2007).

•

Exit of Atofina from styrene-butadiene (anionic) co-polymers (SBC) plastics
market.
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•

Formation of 'Styrolution', the new number one styrenics merger between BASF
and INEOS (10/2011).

The consolidation process is expected to continue.
All styrenic polymers are deeply integrated into the crude oil/naphtha value chain,
mainly based on their upstream products: benzene, butadiene, ethylene and propylene,
as shown in Figure 1.4.

Figure 1.4 Major styrenic polymers classes and the backward integration into the
petrochemical value chain

Ethylene and benzene form ethyl benzene in a catalytic process, followed by dehydrogenation to styrene. Butadiene is used directly as monomer in polymers such as
(emulsion) ABS and SBC; polybutadiene is used as rubber in high impact polystyrene
(HIPS) and mass polymerised ABS. Propylene is the precursor for acrylonitrile, the
co-monomer used in all styrenic copolymers such as styrene-acrylonitrile co-polymer
(SAN), ABS, acrylonitrile-styrene-acrylate copolymer (ASA), and methyl methacrylateABS co-polymer, for example. Propylene is also used for manufacturing of acrylates,
and here, butyl acrylate is the starting material for ASA.
Styrenics have a long track record of industrial applications and were amongst the
main drivers to initiate the ‘plastics age’. The foundation for the successful industrial
career of styrene polymers was laid in the 1920s by Nobel Prize laureate Hermann
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Staudinger and BASF research scientist and later Herman F. Mark. Staudinger was
the first one to investigate polystyrene in detail and to derive a theory of covalent
macromolecules that was the starting point of modern polymer science [2, 3].
Mark developed a new process to produce styrene based on dehydrogenation of ethyl
benzene [4] which was the starting point of the first commercial polystyrene process
developed by BASF in 1930 and the first SAN process, developed at BASF in 1936.
While Ostromilensky [5] was the first to describe impact modified polystyrene by
addition of natural rubber, it were the researchers at Dow who drove the development
toward commercial relevance. The first high impact polystyrene (HIPS) was described
in the 1940s by Dow. In 1954 Dow was the first to describe a continuous process
based on a pre-polymerisation step including a phase-inversion reactor [6].
Polystyrene foam was first described in 1935 [7], followed by commercial development
of mainly extrusion foam by Dow in the 1940s. Stastny of BASF developed the
so-called expandable polystyrene or Styropor® foam process [8], starting in 1949
and laying the foundation for a new foaming technology based on polymer beads,
containing blowing agents.
ABS emerged from R&D work done during World War II, aiming at producing
large quantities of synthetic rubber. In the 1950s, Borg Warner commercialised ABS
and since then this product line grew fast due to its unique combination of stiffness,
ductility, gloss and chemical resistance.
ASA, a weatherable ‘derivative’ of ABS, was commercialised by BASF in 1967.
Shell was the first one to commercialise anionic polymerised styrene-butadiene block
co-polymers. Whereas Shell was focusing on rubber-type polymers, Phillips were
the first to introduce transparent, stiff and tough, ‘HIPS’-like co-polymers based on
anionic block co-polymerisation in the 1960s under the name ‘K-Resin®’.
Today, many of the inventions in styrenic copolymers centre around new formulations
for flame retardancy, nanocomposites, blends, specific applications such as TV
housings, but also around the improvement of rubber efficiency and cost reduction of
manufacturing processes. New trends in SBC polymers are shrink sleeves, improved
high performance packaging materials and blends with styrene-methylmethacrylate
polymers, displaying a unique combination of transparency, ductility and scratch
resistance.
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2

Basic Structure/Property Relationships of
Styrenic Polymers

2.1 Introduction
The term styrenics (or styrenic polymers) is used to describe a family of major plastic
products that use styrene as the key building block. Due to their amorphous structure,
styrene polymers can be easily processed over a wide temperature range well above
their softening point, the so-called ‘glass transition temperature’ (Tg). Other than partly
crystalline polymers such as polyethylene (PE) or polypropylene (PP), polyamides
(PA), polyesters, styrenic polymers (except syndio- and iso-tactic polystyrene) do not
show a distinct melting point and, hence, no thermal energy for melting of polymeric
crystals (melt enthalpy) is required during processing. That means faster processing
under the same conditions, but also high dimensional stability and largely constant
mechanical properties up to the Tg. Styrenics show a comparably slow change of
melt viscosity with temperature. This benign rheological behaviour is beneficial for
processing as well.
Examples of styrene polymers are [1]:
•

Polystyrene (PS) is being used as crystal clear, stiff, but brittle homopolymer
‘general purpose polystyrene’ (GPPS) or as impact modified, stiff but opaque
‘(high) impact polystyrene’ (HIPS).

•

Expandable polystyrene (EPS): is a foam based on GPPS beads containing pentane,
which are expanded under heat. EPS is lightweight, strong, and offers excellent
thermal insulation, making it ideal for use in the packaging and construction
industries.

•

Styrene - acrylonitrile copolymer (SAN): is a transparent, stiff and thermoplastic
polymer material with enhanced stress cracking resistance. SAN is based on the
monomers styrene and acrylonitrile.

•

Styrene – methyl methacrylate copolymer (SMMA): is a transparent and brittle
polymer with enhanced scratch resistance compared to that of polystyrene (GPPS).
It is often used in blends with styrene-butadiene copolymers (SBC) for clear and
tough goods, which need enhanced scratch resistance.
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•

Acrylonitrile-butadiene-styrene copolymer (ABS): is an opaque, ductile and stiff
thermoplastic polymer with a broad processing window, which is strong and
durable even at low temperatures, with good resistance to heat and chemicals.

•

Methylmethacrylate-acrylonitrile-butadiene-styrene copolymers (MABS): are
transparent, ABS-like materials with improved resistance against fats and oils
compared to acrylonitrile-free styrenic polymers.

•

Acrylonitrile-styrene-acrylate copolymer (ASA): is a product similar to ABS,
but with excellent weatherability because of the use of butyl acrylate rubber
containing no double bonds compared to butadiene rubber. It is widely used
for automotive exterior parts (mirror housings, grilles, and so on) and for other
outdoor applications in the area of sports/leisure and durable electrical and
electronics (E&E) housings.

•

Blends: polystyrene blends homogeneously with polyphenylene (PPE) ether to
yield high temperature resistant, stiff and tough materials (polyphenylene ether
(PPE/HIPS). ABS and ASA blend well with polycarbonate (PC) and PA to yield
PC/ABS, PC/ASA, PA/ABS and PA/ASA blends combining the excellent thermal
properties of the engineering thermoplastics PC and PA with those of ABS and
ASA.

Other examples are [1]:
•

Unsaturated polyester resins: are durable, resinous polymers derived from styrene
and used mainly in the construction, boat building, automotive and electrical
industries.

•

Styrene-butadiene copolymers (SBC): are transparent, stiff and tough polystyrenes
manufactured by a specific anionic process. SBC are widely used in food packaging
(beakers, multi-layer co-extruded and thermoformed ‘modified atmosphere
packaging’ or shrink sleeves). They are different from styrene-butadiene rubber
(SB) made by similar technologies, which have rubber-like properties. They also
need to be differentiated from (crosslinked) styrene-butadiene latexes, which are
used, for example, as paper sizing dispersions.

•

Syndiotactic polystyrene: a material being produced by a specific catalytic
polymerisation process to yield a semi-crystalline, high temperature-resistant
material.

•

Other copolymers: styrene-maleic anhydride (SMA) copolymers, as well as
styrene/N-phenyl maleimide copolymers display high heat resistance and are
often used as blend components in high heat ABS and high heat ASA

An overview of the different major classes of styrene polymers is shown in Figure 2.1.
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Figure 2.1 Overview: major styrenic polymer classes and their structural
relationships

Styrenic polymers offer many industries a wide variety of benefits, including [1]:
•

Lightweight, water resistant and excellent thermal insulation.

•

Rigid, with a high strength-to-weight ratio that offers energy-savings benefits in
transportation and an excellent cost performance.

•

Can be shatterproof and transparent if required.

•

Good electrical insulation.

•

Easy to process and produce in a range of attractive colours.

•

Easy to recycle.

Manufacturers use styrene-based resins to produce a wide variety of everyday goods
ranging from computer and printer housings to yoghurt cups, extruded polystyrene
(XPS) foam boards for insulation, kitchen appliances, toys, consumer electronics,
automobile parts, and durable lightweight packaging of all kinds.
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Styrene polymers are present in a variety of highly demanding applications. Their
unique selling point is to combine cost efficiency, high performance and easy processing
and, thus, make it the material of choice for use in electronic equipment, high-end
domestic appliances and state-of-the-art packaging.

2.2 Polystyrene
The chemical structure of polystyrene (PS) or general purpose polystyrene, (GPPS) is a
polyethylene backbone with laterally attached phenyl rings, which are responsible for
the high Tg (100 °C) and high refractive index (nD25 = 1.590). Stiffness, brilliance, gloss
and hardness are the main characteristics of GPPS. Thus, it is used in applications such
as transparent food packaging, beakers, shower cabinets, lamp covers, and so on [2].
To overcome the brittleness of GPPS, the material is modified by the incorporation
of butadiene-based rubber. The resulting material is called impact polystyrene or
high-impact polystyrene (HIPS). It consists of a polystyrene matrix with embedded
polybutadiene rubber particles of a typically cellular or core/shell type morphology.
Due to light scattering at rubber particles with different refractive indexes, HIPS is
opaque. With reduced particle size, it is possible to create a translucent, in thin layers
a near-transparent, material.

2.3 Acrylonitrile-butadiene-styrene and Styrene Copolymers [1]
ABS is positioned between the commodity and the engineering plastics in terms of
its properties. Significant product performance improvements in recent years as well
as reinforcement with glass fibres allowed the use of ABS to downgrade from more
expensive engineering plastics or even metals.
The combination of three building blocks styrene, acrylonitrile and butadiene provides
a unique combination of properties as shown in Figure 2.2.
Product differentiation through design is becoming more and more important in a
wide array of sectors. Designers like ABS grades that can be easily coloured, that
show high-quality surface finish and gloss. The comparably good scratch and abrasion
resistance of ABS ensures that products retain their decorative appearance, even after
prolonged use.
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Figure 2.2 Composition and properties of ABS. NBR = nitrile-butadiene rubber,
SBR = styrene-butadiene rubber

During last 20 years, the ABS market has become clearly differentiated: for cost saving
reasons, a major portion of ABS converters tend towards using natural coloured
ABS. Converters (injection moulders) perform the colouring process more and more
on-line, using coloured masterbatches and additional dosing and mixing devices, by
pre-mixing of highly coloured ABS and feeding this dry blend in a conventional way
into the injection moulding machine. Extrusion manufacturers often start from natural
coloured ABS as well, using colour compounders to provide coloured masterbatches
which allow them to switch colours fast, to produce small lots and to deliver products
just-in-time. On the other hand, white pre-coloured ABS is often used in the so-called
‘white goods’ industry, for example, domestic appliances such as parts for washing
machines, dishwashers and refrigerators. Other pre-coloured ABS is often used as a
specialty, for parts with highest requirements on lot-to-lot colour consistency or for
products with special requirements for mechanical properties.
It is obvious that the use of natural coloured material not only saves the cost of
colouring, but also reduces logistic efforts and complexity in warehousing, in predrying prior to melt processing and in the capital cost involved. A prerequisite for a
successful, high-quality colour are ABS grades which fulfil the following requirements:
•

Light and consistent colour of natural resin.

•

Low pigment effect on mechanical properties.
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•

Ease in processing.

•

High gloss.

•

Global manufacturing specifications and supply.

ABS grades such as Terluran® fulfil these high requirements and, thus, offer a
significant cost-saving potential. On the other hand, pre-coloured ABS polymers such
as Novodur® provide combinations of specific properties, and are thus used to serve
the ‘specialty’ ABS market.
Another example for ABS in high-end applications are super-stiff, temperature
resistant and dimensionally stable technical parts, which were formerly produced
with high-tech thermoplastics or even metals. Glass fibre (GF)-reinforced grades offer
a variety of substitution potential as they feature an outstanding performance/price
ratio, and thus are the material of choice when it comes to reducing the costs in the
mass-production of technical parts, as shown in Figure 2.3.

Figure 2.3 Glass-fibre reinforced ABS in high-end applications

12

Basic Structure/Property Relationships of Styrenic Polymers

2.4 Styrene/Butadiene Block Copolymers
Styrene-butadiene block co-polymers combine the toughness of HIPS with the
transparency of GPPS. A special manufacturing process is required, which allows
production of exactly defined molecular structures, being predominantly composed of
styrene (typically between 65 and 85%), with polybutadiene dispersed in a controlled
way, yielding a high impact resin with high transparency.
SBC block co-polymers such as Styrolux® are the ideal materials for various articles
from the sanitary, cosmetics, household, office equipment and toy sectors, because
of its crystal-clear transparency, appealing surface gloss, good breaking strength as
well as excellent flow properties.
Thin films made of Styrolux ® and Styroflex ® help to increase the shelf-life,
attractiveness and freshness of food products such as vegetables and ready-made
salads. In addition to transparency, the requirements here primarily include puncture
resistance, printability, high resistance to shrinkage as well as high permeability to
water vapour and gases.
SBC block co-polymers can be found in growing market segments, previously
dominated by other plastics. One example is shrink sleeves made from Styrolux®,
or Clearen® (manufacturer: Denka),, featuring a combination of high transparency,
benign shrink behaviour and easy printability.

2.5 Other Styrenic Polymers
Although there are more different styrenic polymers, as mentioned previously, this
book is focussing on some of the major classes of styrenic polymers only, in order to
facilitate the understanding of the structure/property relationships. However, many
of the insights gained in Chapters 3-5 can be transferred to other styrenic polymers
as well. For the discussion of foams, based mainly on GPPS, such as EPS or XPS, see
Gausepohl and Gellert [3].
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Polystyrene

3.1 Manufacturing Process and Microstructure of Polystyrene
The monomer styrene was discovered about two hundred years ago as a component of
trees like Liquidambar orientalis [1]. Today, it is manufactured by catalytic alkylation
of benzene with ethylene, followed by a dehydrogenation reaction. It is one of the
few monomers able to be polymerised under free radical, anionic, cationic and metal
catalysed conditions, which is due to the low polarity of the styrene molecule and
the resonance stabilisation of the growing polystyryl species. On a commercial scale,
polystyrene (PS) is manufactured by radical polymerisation (thermal and peroxide
initiation). Polystyrene was commercialised by IG-Farben (BASF) - in 1931 and for
the first time produced in a continuous process, where styrene is pre-polymerised in
two vessels and fed to a polymerisation tower [2].
The pioneers of commercial mass polymerisations were confronted with two
fundamental challenges: they had to find a solution to remove the polymerisation heat
from the highly viscous polymer melt, which was resolved by utilising vessels with
inside cooling. Additionally, they had to develop a suitable work-up procedure, which
was done by extruding the polymer melt on a steel conveyor belt, followed by cutting
and grinding of the cooled polymer strands. Obviously, the high content of residual
monomer remained a challenge. The development of efficient degassing technologies
for highly viscous polymer melts was a major prerequisite for the development of
modern, fully continuous PS manufacturing processes. Those processes typically
consist of:
•

One or more continuously stirred tank reactor (CSTR) with monomer feed and
evaporative cooling,

•

A one to two step degassing process, and

•

A strand formation and granulation unit.
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Figure 3.1 Schematic process to produce general purpose polystyrene (GPPS)

GPPS is typically produced in such CSTR reactors using thermal initiation of styrene
in the presence of 5% to 10% of Ethylbenzene (EB) solvent at temperatures of
approximately 130-140 °C. The viscosity numbers of the resulting GPPS typically
vary between 70 and 120 ml/g.
Organic peroxides are used to increase the number of radicals at a given temperature
and hence increase polymerisation speed (vp):

vp = kp [M] [I]

(3.1)

[M] = concentration of monomers
[I] = concentration of initiating radicals
kp = polymerisation propagation constant
Technically well established initiators are, for example, 1,1-bis-(tert-butylperoxy)
cyclohexane, and 1,1-bis-(tert-butylperoxy)-3,3,5-trimethylcyclohexane and
2,5-dimethyl-2,5-tert-butylperoxy)hexane.
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The molecular weights achievable are in the range of 150,000 to 400,000 g/mole,
with polydispersity (Mw/Mn) being typically between 2 and 4.
The advantages of continuous mass polymerisation over discontinuous processes
are: highly consistent product quality, safe reaction and high efficiency. Today’s
polymerisation processes are working either with CSTR, with tower reactors, with
cascades of CSTR or CSTR/tower reactors. The detailed configurations differ with
the horizontal or vertical position of vessels, the type of stirrer and the method of
heat removal. A special form is a loop reactor with subsequent plug flow reactor, both
process steps containing static mixers to remove heat of polymerisation. At high cycle
times, the loop reactor shows a similar residence time characteristic as the CSTR.
GPPS combines high stiffness, excellent transparency, good melt strength and easy
processing. The disadvantage of GPPS is the brittleness. Early attempts to blend GPPS
with rubber failed due to the incompatibility of both blend components. The chemical
grafting of polystyrene chains onto polybutadiene (PB) rubber was finally successful
and was first accomplished by Ostromilensky [3]. Today, high-impact polystyrene
(HIPS) is manufactured mainly in a mass polymerisation process comprising cascades
of reactors, typically combinations of vessels and towers (see Figure 3.2)

Figure 3.2 Modern HIPS process (BASF two-vessel-two-tower process)

The two-vessel-two-tower process comprises a pre-polymerisation of styrene in the
presence of PB in the first vessel. A homogeneous solution of PB in styrene constitutes
the continuous phase, with discontinuously polymerising polystyrene domains. In the
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second vessel, conversion is further increased up to the so called ‘phase inversion’: here,
the volume of the discontinuous PS phase exceeds that of the PB/S phase, followed
by a phase inversion with a now continuous PS phase, and discontinuously dispersed
PB rubber particles, with inclusions of PS from the first vessel. The subsequent
polymerisation in tower reactors drives the reaction towards high conversion.
The mechanical properties of HIPS are strongly influenced by [4]:
•

The molecular weight of the matrix (being a function of reaction temperature).

•

The amount of plasticiser (typically low molecular weight paraffins; ‘white oil’).

•

The rubber volume fraction (gel content) of the grafted rubber, depending on the
amount of grafting.

•

The swelling index of the grafted rubber, being a measure of the crosslink density of
the rubber particles. It is a function of reaction time, temperature, microstructure
of PB rubber, and residence time in the degassing step.

•

The particle size of the grafted rubber, being a function of shear energy during
and directly after phase inversion, the viscosity ratio between continuous and
dispersed phase, and the graft ratio.

An overview of the properties of HIPS is shown in Figure 3.3 [5].

Figure 3.3 Schematic depiction of HIPS structure/property relationships
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The rubber particle size and distribution , including bimodal distributions has a major
influence on HIPS properties. While small particle sizes (created via high shear, high
graft and low viscosity difference between dispersed and continuous phase during
phase inversion) create HIPS with high gloss and translucency (due to the low light
scattering), they are typically below the size needed for best energy dissipation.
Hence, the toughness of such products (measured, for example, as notched impact
strength or biaxial impact strength or as fracture energy in the stress/strain setup)
are low to medium. With increasing particle size, HIPS becomes more opaque, and
particles are more efficient in energy dissipation. Most commercial grade HIPS have
rubber particle sizes between 2-5 microns. Very large HIPS particles typically create
very high impact grades, often used in refrigerator applications due to their resistance
against oils and fats. They are called ‘ESCR types’ (environmental stress cracking
resistant), see Figure 3.4.

Figure 3.4 Influence of rubber particle size on toughness

Depending on the rubber particle size and the HIPS morphology, fundamentally
different applications can be served, ranging from food packaging (based on medium
size rubber particles) over refrigerator in-liner (based on large rubber particles) to
translucent drinking cups. HIPS can be easily blended with GPPS which offers a even
wider range of physical properties and applications. A special version of ‘transparent
HIPS’ are the styrene-butadiene co-polymers (SBC, which is produced in an anionic
polymerisation).
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Figure 3.5 Structure/property relationship of HIPS with different morphology

3.2 Product Characterisation and Properties [6, 7]
High rigidity, low specific weight, high transparency and brilliance, neutral colour,
low shrinkage and ease of processing are amongst the most characteristic features
of GPPS. At temperatures well below the glass transition temperature (Tg) and at
low deformations, the material follows Hooke´s elasticity law. Tensile strength and
flexural strength are strongly dependent on the molecular weight of GPPS. Below a
certain threshold value (approximately 70,000 g/mole, which equals approximately
four polymer chain entanglements) the mechanical properties deteriorate. Tensile
strength and elongation at break reach an upper limit when increasing the molecular
weight. Rubber-modified PS shows a much higher toughness than GPPS.
Above its Tg, polystyrene is a viscoelastic melt. The main influence for both the viscous
and the elastic component is the molecular weight. For PS following the Poisson’s
distribution, the zero state viscosity is proportional to M3.4. The molecular weight
distribution has only a minor influence. However, a small amount of high molecular
weight polystyrene in a blend with low/medium molecular weight polystyrene
significantly enhances elasticity and melt strength.
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3.2.1 Stress-strain Characteristics
The behaviour of polystyrene under short-term uniaxial tensile stress at a low
deformation rate is shown in the stress-strain graph shown in Figure 3.6, which was
obtained in a tensile test in accordance with ISO 527 [6]. GPPS is typified by a steep,
almost linear curve and rupture after very low deformation. The shape of this curve
shows GPPS to be a rigid and dimensionally stable but relatively non-ductile material
having a high tensile strength and low elongation at break.
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Figure 3.6 Stress-strain curves of general-purpose and high-impact polystyrene in a
tensile test in accordance with ISO 527 [6]

HIPS shows a less steep slope of the curve and, after reaching the yield point,
pronounced deformation until rupture. This behaviour is characteristic of tough
materials. The toughness of HIPS increases with increasing rubber content.
The stress-strain behaviour of PS is dependent on the temperature and on the
deformation rate. As can be seen from Figures 3.7 and 3.8, the elongation at break
of HIPS decreases as the temperature drops and as the deformation rate increases
while the tensile strength displays the opposite relationship.
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Figure 3.7 Stress/strain curves of HIPS at various test temperatures - strain rate: 2
mm/min, determined on an injection moulded specimen

Figure 3.8 Stress/strain curves of HIPS at different strain rates, determined on an
injection moulded specimen
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3.2.2 Shear Modulus and Mechanical Damping
In stead of the modulus of elasticity, the shear modulus determined in the ISO 67212 [7] torsional pendulum test is often employed as a measure of rigidity. Figure 3.9
shows the temperature dependence of the shear modulus. The shear modulus of GPPS
is virtually constant over a wide temperature range. Only in the softening range of
polystyrene does it drop sharply by several powers of ten. The logarithmic decrease
of the mechanical damping displays a maximum at this juncture.
HIPS displays an additional slight drop in the shear modulus or a secondary damping
maximum at about - 80 °C. This is explained by the Tg of the polybutadiene
component, which is close to this value.

Figure 3.9 Shear modulus and mechanical damping of polystyrene as a function of
temperature

3.2.3 Impact Toughness
In contrast to the relatively low deformation rate in the tensile test and the creep test,
the high deformation rate in the impact test leads to a significantly higher dynamic
load on the test specimens.
GPPS will generally fail such impact test due to its brittle nature. HIPS fail in the ISO
179-1 [8] flexural impact test (Charpy impact test) only if the test specimens have
been notched beforehand.
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The ISO 179-1/1eA test of the notched impact toughness is carried out on specimens
provided with a V-notch. In the flexural impact test, the stress direction in injection
moulded specimens is the same as the preferred orientation direction. This increases
the measured impact toughness and the flexural impact test therefore serves primarily
for comparing the toughness of different products.
In practice, however, multi-axial stress without a preferred direction is to be expected.
This is addressed by the instrumented puncture test of ISO 6603-2 [9], in which a
blow is struck centrally on a flat surface, for example, a circular disk.

3.2.4 Thermal Properties - Heat Distortion Resistance
The heat distortion resistance of finished PS parts is dependent on their shape, the
production conditions, the type of heat source and the duration of heating and also
on the PS grade in question. Parts produced without application of an external load
and having low internal stresses can be heated for a short time to about 15 °C below
the Vicat softening temperature without undergoing distortion.
The temperature dependence of the linear thermal expansion and the specific heat of
PS can be seen in Figures 3.10 and 3.11.

Figure 3.10 Linear thermal expansion of polystyrene as a function of temperature
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Figure 3.11 Specific heat of polystyrene as a function of temperature

3.2.5 Rheological Properties
Like all thermoplastics, PS is a non-Newtonian fluid. This means that the viscosity
depends not only on the temperature but also on the shear rate. As a result, the melt
flow increase is disproportional to the pressure increase.
The shear rate D in a circular nozzle is proportional to the throughput Q and inversely
proportional to the cube of the radius r as given by the formula:

D = 4Q / (π r3)

(3.2)

3.2.6 Electrical and Optical Properties
Polystyrene is a very good electrical insulator. The dependence of the dielectric constant
and dissipation factor on the frequency can be seen in Figure 3.12.

25

Practical Guide to Structures, Properties and Applications of Styrenic Polymers
ԑ

R

3
2,5
2

tan ᵹ

10-2
10-3
10-4
10-5

0

1

2

3

4

Polystyrene 168 Moist

ԑ

5

6

7

8

9
logf

Polystyrene 168 Dry

R

3
2.5
2
tan ᵹ

10-2
10-3
10-4
10-5
0

1

2

3

Polystyrene 495 Moist

4

5

6

Polystyrene 495 Dry

7

8

9

logf

Figure 3.12 Dielectric constant eR and dissipation factor tan d of PS as a function
of frequency (measured at 23 °C on both dry specimens and on specimens
conditioned to equilibrium moisture content in a standard 23/50 atmosphere – ISO
291 [10])

The crystal-clear GPPS grades have a light transmission of about 90% in the visible
region (400-800 nm). The absorption increases sharply in the ultraviolet (UV) region
(Figure 3.13). The HIPS are more or less opaque depending on rubber content.
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Figure 3.13 Light transmittance of polystyrene (GPPS), thickness 2 mm

3.2.7 Permeability to Gas and Water Vapour
Like all plastics, PS has a certain permeability to gases and vapours, which increases
with rising temperature. Typical values for PS are shown in Table 3.1.

Table 3.1 Permeability of polystyrene to gases and water vapour at 23 °C
(measured on 100 µm thick films)
Water
vapour*
g*m-2*d-1

Oxygen
cm*m-2*d-1*bar-1

Nitrogen
cm*m-2*d-1*bar-1

Carbon dioxide
cm*m-2*d-1*bar-1

GPPS

12

1000

250

5,200

HIPS

13

1600

400

10,000

SBC
(Styrolux)

14

2600

700

15,000

* DIN 53122 [11] moisture gradient from 85% to 0% relative atmospheric humidity
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The gas permeability of PS increases with introduction of rubber (see GPPS versus
HIPS values) due to the large free volume of PB rubber phase. It is a particularly
important factor in designing packaging for goods, which have a pronounced taste
or odour since it is possible for aromas to escape and also for gases and vapours to
permeate in from the outside. The outward diffusion of aromas leads to a change
in taste especially when the individual taste components diffuse at different rates.
The risk of changes caused by gases permeating in is particularly great in the case of
atmospheric oxygen, which can lead to oxidative degradation of constituents or give
rise to microbiological processes.

3.2.8 Water Absorption
Owing to its non-polar character, PS displays only a slight tendency to absorb water.

3.2.9 Resistance to Chemicals
Polystyrene is resistant to water, alkalis and diluted mineral acids, as well as to aqueous
solutions of most salts, a) inorganics, and b) organics. Polystyrene is also attacked by
concentrated sulfuric acid and strong oxidising agents, for example, bromine water,
chlorine water, nitric acid and sodium hypochlorite solution. However, it is swollen
by some organic solvents and dissolved by others.
This is true for aromatic and chlorinated hydrocarbons, ethers, esters and ketones.

3.2.10 Environmental Stress Cracking Resistance
Certain media may initiate cracking in PS mouldings subjected to external or internal
mechanical stresses. Cracking may be induced even by the agents that normally do not
attack or hardly attack unstressed mouldings. For example, aliphatic hydrocarbons
such as heptane have a very strong effect in triggering ESCR in both GPPS and the
high-impact grades.
A medium is said to initiate ESCR if its presence reduces the time-dependent loadability
compared to the behaviour in a neutral environment. The tensile creep test is an
example of a method, which can be employed for such an evaluation.
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Figure 3.14 shows the behaviour of HIPS specimens produced under identical process
conditions but exposed to different media during the test.

Figure 3.14 Stress cracking test on HIPS at 20 °C in various medias at different
exposure time. Creep rupture curves for 1. n-heptane, 2. olive oil/oleic acid (1:1),
3. methanol, 4. battery acid, 5. distilled water and 6. air

The converse can be seen in Figure 3.15, where the medium is the same in all cases
and the differences in the ESCR behaviour result from the different process conditions.
The ESCR resistance depends not only on the type of product in question but also
on its condition after processing. If damage by ESCR is to be avoided, it is therefore
not sufficient to know the product properties but it is just as important to monitor
the quality of the mouldings rigorously.
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Figure 3.15 Creep rupture curves of HIPS in olive oil/oleic acid (1:1) at different
exposure times. Determined on test specimens with different degrees of
orientation. The higher the melt temperature, the lower the degree of orientation

3.2.11 Resistance to High-energy Radiation
The effect of high-energy radiation (fast electrons, protons, gparticles, neutrons,
x-rays and α-rays) on PS depends on the radiation dose, the dose rate, the irradiation
temperature, the geometry of the irradiated specimen and the surrounding medium.
When atmospheric oxygen is excluded, GPPS is one of the most radiation-resistant
plastics known. On irradiation in air, the radiation dose, which causes damage is
substantially lower. The radiation resistance of HIPS is significantly below that of
GPPS.

3.3 Processing
3.3.1 General Remarks
Polystyrene can be processed by all the techniques customarily used for thermoplastics.
It has good thermal stability and can be processed under a wide range of conditions.
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Polystyrene moulding compositions do not normally have to be pre-dried before
injection moulding, but pre-drying is advisable if they have been stored in an outdoor
hopper (pre-drying at 60-80 °C for 2-3 hours). Since even small amounts of moisture
can cause problems in extrusion, it is always advisable to carry out pre-drying or to
use vacuum-vented screws.
Typically, PS grades are compatible with one another. In general it is possible to
change from one PS grade to another, for example, from semi-high impact to highimpact polystyrene, without any special measures being needed. On the other hand,
PS is incompatible with acrylonitrile-containing products and with polyethylene,
polyamide, polyester, and many other thermoplastics. In these cases, the machinery
must be thoroughly purged before a change of material.
Polystyrene regrind is fully reprocessible as long as the recycled material has not been
damaged by excessively high shear or temperature. The usability of regrind should
nevertheless be carefully checked in each case for parts, which have high quality
requirements.
Indications of product damage are:
•

An increase in the mono-styrene content

•

A decrease in the molecular weight of the matrix

•

Rubber crosslinking

•

A change in the rubber morphology (fragmentation)

•

Conspicuous tendency to yellowing.

The regrind must be free of contamination. To protect the regions of the processing
machine, which come into contact with the melt, it should, where possible, be passed
through a magnetic sieve before being introduced into the feed hopper. Regrind with
particles of widely differing size and with a low bulk density can cause problems in
maintaining a stable extruder throughput.
Fines have a particularly detrimental effect, resulting in screw slip. They should be
removed in a cyclone to ensure smooth feeding and processing of granules.

3.3.2 Injection Moulding
Polystyrene is injection moulded predominantly on screw-type machines. Only in
exceptional cases, for example, mouldings with a marble effect, are injection moulding
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machines with special screws or plungers employed. Owing to their amorphous
structure, PS moulding compositions have not only a wide processing range but also
a low tendency to distort and show low shrinkage.
Conventional all-purpose screws can be used. Good results are obtained using threezone screws having a length:diameter (L:D) ratio from 16:1 to 20:1 and the features
indicated in Table 3.2. Although longer screws melt the granules more uniformly, at the
same time they increase the residence time of the moulding composition in the barrel.

Table 3.2 Typical values for screw geometry in injection moulding
Length of functional sections
Total length

Depth of flights

L 16-20 D

D* (mm)

hF (mm)

hM (mm)

Feed section

LF 0.5 L

30

5

2.5

Compression section

LC 0.3 L

50

6

3

Metering section

LM 0.2 L

70
100
130

8
10
12

4
5
6

D* = screw diameter
hE = depth of flights in the feed section
hM = depth of flights in the metering section
LF = relative length of feed section
LC = relative length of compression section
LM = relative length of metering section

A reliable way to ensure a constant cushioning effect and follow-up pressure is to
install a non-return valve that prevents the melt from flowing backwards into the
front screw flights during the injection and follow-up phases. Since designs giving
excellent flow are available, a non-return valve should always be used as a matter
of principle when manufacturing precision parts. However, the screw must not be
allowed to rotate during injection, otherwise damage to the machine may result.
Thick-walled mouldings frequently require cycle times of several minutes. If, in such
cases, the injection moulding composition is not removed completely from the nozzle
bore, it may cool excessively there and, thus, give rise to streaking in the next shot. The
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best results have been given by nozzles with mechanically or hydraulically actuated
needle valves, although the pressure drop in such a nozzle is not inconsiderable.
In principle, all conventional types of gating are possible. The gate cross section
must be sufficiently large to avoid unnecessarily high melt temperatures and injection
pressures which could lead to streaking, burn marks, voids and sink marks. The
VDI 2006 guidelines for gating and mould design also apply to the PS moulding
compounds. As a rule, PS can be demoulded without difficulty. A taper of 1:100 or
30´ on one side is a sufficiently large draft. In fact, if the mould is polished in the
machine direction, drafts of down to 10´ are adequate.
Metal inserts do not obstruct the smooth flow of PS, but they should be heated to
80-120 °C before being placed in the mould in order to avoid molded-in stresses.
They must be thoroughly degreased and secured in the mould by means of milled
edges, circumferential grooves or the like. The metal edges should be well rounded off.
Polystyrene can be injection moulded at melt temperatures between 180 °C and 260 °C.
The melt temperature has a significant influence on the toughness of the finished parts,
particularly that of the rubber-modified polystyrene moulding composition.
If the residence time of the melt in the barrel is relatively long, the temperature should
not be in the upper end of the range or even above it, otherwise thermal degradation
and/or an increase in the residual styrene content can result.
Thermal degradation can usually be recognised by silver streaks or burn marks. A
change in colour can also occur. The melt temperature is best monitored by means
of a penetration thermometer on the pumped-out composition.
The feed characteristics of PS are influenced by screw geometry and rotational speed,
back pressure, the temperature settings in the plastification and feed sections and also
by the shape and nature of the granules (externally lubricated or unlubricated). As
a rule, PS can be plastified uniformly and without thermal degradation even at high
screw speeds. Normally, the plastification capacity increases with a rise in temperature.
A general rule for PS is that the mould must be filled as rapidly as possible to prevent
marks at the weld lines and to ensure that the weld lines are as strong as possible.
Another advantage of a high injection rate for most PS is that it yields glossy and
brilliant mouldings. The PS grades for which very fast injection can have a detrimental
effect are the high-impact grades with high heat distortion resistance, in which case
matt concentric zones around the screw may occur under some circumstances. Darkcoloured products are particularly prone to this effect. Fluctuations in the injection
rate may also cause matt streaks in these products. In such cases, slower injection
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at higher melt and mould temperatures leads to more uniform flow and improves
the surface.
Steps must be taken to ensure that air can easily escape from the mould at suitable
points to prevent burning as a result of compressed air (diesel effect). To obtain
high quality injection-moulded parts and to prevent void formation, the follow-up
pressure and screw forward time must be sufficiently high to compensate for the
volume contraction on cooling of the melt. This requires the gates to be large enough
to prevent the melt from solidifying in their vicinity before the screw forward time
has elapsed and thereby stopping the follow-up pressure from acting on the moulding
while it is still plastic in the interior. However, the volume expansion experienced by
PS as a result of heating can be more than compensated for by high pressure. The
dependence of the specific volume versus temperature T and pressure p is shown for
GPPS in Figure 3.16.

Figure 3.16 Specific volume of general purpose polystyrene (GPPS) as a function of
temperature and pressure

It can be seen from the graph in Figure 3.16 that the volume expansion caused by
heating from 20 °C to 200 °C is just compensated at a pressure of 140 MPa. If the melt
solidifies at a point of higher pressure within the mould cavity, the volume element
concerned has to accommodate more compound than it actually can. This state is
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known as overloading. Overloading causes stress within the moulded part which can
break on demoulding. The impact-modified grades, on the other hand, can take up
the stresses more readily because of their higher ductility. The risk of overloading
exists mainly in the vicinity of the sprue at high injection rates and dwell pressure.
The PS product line includes grades having different flow characteristics. Information
of great practical significance is obtained from flow tests in which coils of various
thicknesses are produced in a spiral mould (Figure 3.17). At a given melt temperature,
mould surface temperature, screw advance rate and the corresponding injection
pressure, the length of the spiral can be regarded as a measure of the flow of the
product.

Figure 3.17 Flow in a spiral mould (Styrolution GmbH high impact grades
PS 486 M and 495 F)

A factor that definitely affects the duration of the injection cycle is the time taken
for the PS to cool from the melt temperature to the solidification point. The lower
this temperature difference, the shorter the cooling time and, thus, usually the cycle
time. The difference between melt temperature and solidification point depends on
the particular PS grade. A measure of the solidification point is the Vicat softening
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temperature. The higher the flow of PS, the lower the temperature at which it can be
processed, so PS grades which flow easily and at the same time solidify rapidly can
be processed most quickly.
PS, as an amorphous polymer, undergoes considerably less shrinkage than partially
crystalline plastics. Although it is primarily a material property, it is also decisively
influenced by the geometry of the mouldings (restricted or free shrinkage) and by
processing conditions such as melt temperature, mould surface temperature and
follow-up pressure. Local interaction between these parameters may cause great
differences in shrinkage within one and the same moulding. As a rule, the processing
shrinkage is between 0.4% and 0.7%, but in exceptional cases it can be significantly
below 0.4%. It may even be zero in zones within the moulding that are subjected to
a high dwell pressure (vicinity of the sprue). After-shrinkage can be neglected in most
applications, it accounts for about 10% of total shrinkage.

3.3.3 Extrusion
The most suitable PS for extrusion are those with a high viscosity, namely, products
with a melt volume rate (MVR) of 200/5 in the lower end. However, materials with
a higher MVR are also used for multi-layer composites and some foams.
The desired ratio of rigidity to toughness can be obtained by blending HIPS and
GPPS. An important point to observe for ensuring an homogeneous melt is that the
flow characteristics of the blend components do not differ too widely. Equipment
items required are a metering and mixing device upstream of the extruder inlet and
a mixing element in the melt region upstream of the die.
Examples of preferred combinations for packaging material are:
•

PS 486 M and PS 165 H

•

PS 158 K can be blended with 486 M if the heat distortion resistance of the mixture
is to be increased at the same time. The mixing ratio depends on the application
and is usually between 1:1 and 4:1 (HIPS:GPPS).

The bursting pressure test on finished, thermoformed cups gives a good guide to the
toughness of the material used. The bursting index as a function of the mixing ratio
is shown for two examples of blends in Figure 3.18. This demonstrates the advantage
of the higher impact toughness of 486 M in blends with 165 H compared to mixtures
of 165 H and conventional HIPS.
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The processing temperatures for PS are between 180 °C and 240 °C, in individual
cases even slightly higher. As a rule, the grades with a higher viscosity are extruded at
a higher temperature. Pressure and temperature of the polymer should be measured
where possible by means of suitable devices. In practice, the screw pressure ranges
from 10 to 20 MPa. For safety reasons, a maximum pressure, warning device should
be fitted.

Figure 3.18 Bursting pressure test on drinking cups (Styrolution GmbH High
Impact Grade PS 486 M and General Purpose Grade PS 165 H)

Vented extruders allow the extraction of volatile components, for example, low
molecular weight fractions and moisture, from the melt and the removal of entrapped
air. The ‘classical’ vented extruder screw is similar to two, three-zone screws arranged
in tandem (Figure 3.19). The length of vented extruders is typically in the range
30-36 D. The compression ratio should generally be between 1:2 and 1:2.5 for PS.
Compression ratios of 1:3 can also be employed when processing up to 50% of regrind.
Venting occurs between the two screw sections; substances are collected in the form
of liquids or pastes in the condenser between the venting port and the vacuum pump.
The venting effect is initiated by the pressure drop that occurs downstream of the
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first metering section and is reinforced by a partial pressure increase that is brought
about by raising the melt temperature in front of the venting section.
In the upper range of screw speeds, some of the air present in the interstices between
the granules may no longer be able to escape through the feed hopper. The trapped air
leads to bubbles and holes in the extrudate. The vents on high-performance extruders
should therefore be designed with generous dimensions. The vent should be horizontal
or inclined slightly downward to prevent condensed, thermally degraded material
from falling back into the screw channel. In principle, PS can also be extruded without
the use of a vented extruder. In this case, the granules can be pre-dried, depending
on the Vicat softening temperature of the PS used, at temperatures of 60-70 °C for
3-4 hours, for example, in a hot air drier or a vacuum drying oven.

Figure 3.19 Classical vented extruder screw

Vented extruder screws generally have smooth feed sections. Lightly grooved feed
sections are sometimes also used for better and more stable feed and transport
behaviour. Virtually no use is made of actual grooved bushings, for example, with
rectangular grooves, since melting in the first stage and transport in the second stage
are generally unsatisfactory for the high grooved bushing throughputs. Moreover,
extrusion of recycled material (regrind from extrusion of thermoforming and other
sheet) comes up against processing limits (constancy of transport) when grooved
bushings are employed.
Since both stages of a vented extruder screw are rigidly coupled to one another, the
throughputs of the two screw sections have to be matched. If this is not the case, the
following problems occur: melt may exude from the vent if the throughput of the
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first screw section is too high (flooding), surging if the throughput of the first screw
section is too low (excessively large partially filled regions in the second stage).
A melt pump is a further extruder component, which can improve the quality of the
extrudate. Installation of a melt pump enables the throughput to be made uniform
and the second screw section is largely relieved of the task of building up the pressure
to overcome the resistance of the die. Only the minimum pressure for trouble-free
operation of the melt pump has to be generated, thus lowering the pressure in the
extruder.
Consequently, high-performance screws for vented extruders with melt pumps can be
designed for higher plastification capacities than those for vented extruders without
melt pumps. However, this means that a higher melting capacity is required in the first
screw section. It is also necessary to take into account that the melt pump introduces
shear and thereby slightly increases the melt temperature.
Apart from achieving the desired throughput (without flooding or surging), complete
and correct melting is of decisive importance in judging a plastification unit. There
is little value in achieving a maximum throughput unless complete melting can be
achieved before the vent so that satisfactory venting can take place. The percentage of
melt and the dimensionless solids bed width are calculated by means of a simulation
program.
Owing to the relatively uncomplicated extrusion behaviour of PS, barrier screws have
rarely been encountered. Nevertheless, in particular cases they can be an interesting
alternative because of their specific melting characteristics. All barrier zone extruders
function in the same way. The characteristic feature is the division of the screw
channel into a solids channel and a melt channel (Figure 3.20). The solids channel
is separated from the melt channel by the barrier flight. The gap between the barrier
flight and the barrel is greater than for the main flight so that only molten material
or particles, which are (at least in one direction) smaller than the gap can get into
the melt channel. When passing over the barrier flight, these particles are subjected
to additional, defined shear, which leads to further melting of the remaining solid
particles. In addition, the barrier flight contributes to homogenisation of the melt.
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Figure 3.20 Illustration of the principle of a vented extruder screw with barrier
section

Advantages of the barrier section are the controlled melting process and the increased
number of degrees of freedom in the design of the screw geometry. The latter feature
enables the screw geometry to be more closely matched to a particular application,
although the system does also have more possible sources of error, which have to be
ruled out. Good results have been achieved in recent years in the extrusion of other
thermoplastics using the barrier screw concept. Efforts are being made at present
to apply this experience to the field of vented extruder screws with the object of
increasing plastification. Vented extruder screws with barrier zones should, like other
screw designs, be provided with a mixing section at the tip of the screw in order to
achieve sufficient homogenisation when processing blends.
Examples of proven dynamic mixers are faceted mixing sections and toothed disk or
slotted disk mixing sections (Figure 3.21), but other types are also used. The mixing
sections should cause as low as possible a pressure drop so that the throughput of
the second screw section is not reduced too much.
Particularly in the case of retrofitting, the homogeneity of the melt can be increased by
means of a static mixer, which can be used in addition to the dynamic mixing section.
Slit dies are used for the extrusion of both flat film and sheet. In both cases, the length
of the parallel zone is about 20 times the slit width. Sheets are usually produced using
an adjustable choker bar, while films are produced without it. When a choker bar is
employed, it is set obliquely as shown in Figure 3.22.

40

Polystyrene

Figure 3.21 Example of mixing sections

Figure 3.22 Sheet die with choker bar and flex lip
The lower lip is interchangeable in order to cover a greater thickness range.
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On leaving the die, extruded sheet is led through calibration rolls. The roll temperature
should be as high as possible to keep moulding-in stresses to a minimum during
cooling. A rule of thumb is that the temperature at the surface of the centre roll
should be about 5 °C below the limit at which the extruded sheet sticks to the surface
of the steel. This gives an idea of the most favourable temperature settings on all
the rolls for a given product under given conditions. If the melt is fed downward,
the temperature of the upper roll should be set to a value well below that of the
centre roll, for example, 10 °C, because of the small contact area at the upper roll
(theoretically, the contact is merely linear). The temperature setting on the lower roll
should be between those on the upper and centre rolls.
If curvature of the sheet occurs after passing through the rolls, the temperature settings
need to be optimised. As a general rule: the concave side corresponds to a roll, which
is too hot and, conversely, the convex side corresponds to a roll, which is too cold.
The orientation or even pre-stressing of sheet intended for further shaping can be
assessed by heat treatment as described in ISO 11501 [12]. Increasing the melt
temperature is the most effective means of achieving low shrinkage, but this must
obviously be kept to a level, which does not cause appreciable degradation of the
product. Other available parameters, which have varying degrees of effectiveness,
are die gap, distance between die and roll, roll temperature and tension on the sheet.
Co-extrusion enables the properties of several materials to be combined. It requires
matching of the flow properties of the materials used. The extruded product is a
multi-layer composite in which the individual layers should adhere to one another.
If the adhesion of the layers to be combined is non-existent or inadequate, a layer of
bonding agent has to be interposed. A distinction is made between adapter and die
co-extrusion. In adapter co-extrusion, the composite is built up in front of the die
and is extruded as if it were a single-layer melt.
In die co-extrusion, the layers are formed separately in a special die and are
subsequently joined. GPPS is often used as a gloss layer on a high-impact substrate.
In this combination with HIPS, no bonding agent is necessary. In most other cases,
a bonding agent has to be used and the choice depends on the components of the
composite.

3.3.4 Thermoforming
Owing to their wide viscoelastic range, PS sheet and film are particularly suitable for
thermoforming. The forming temperature should be between 130 °C and 150 °C.
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Polystyrene extrusion grades can achieve high draw ratios. Thus, draw ratios of, for
example, 5:1 in production of beakers and in the thermoforming of interior containers
of refrigerators are common. This value can sometimes be even higher, as for the
reinforcing ribs at the bottom of components or the depressions in the corrugations.
This high drawing capability can be seen particularly clearly in Figure 3.23, which
shows a plot of the hot elongation. In this test, loads of 2 g/mm2 are applied to test
strips which are heated at 50 °C/h in an oven. The elongation is recorded as a function
of temperature. Together with acrylonitrile-butadiene-styrene (ABS), PS displays the
most uniform increase in elongation and, thus, offers a wider processing window
even at relatively high draw ratios than do the polyolefins. In the latter, the increase
in elongation is significantly more abrupt, as a result of which the wall thickness
distribution is considerably more difficult to control by means of different heater
temperatures.

Figure 3.23 AGK 5 hot elongation; load = 2 g/mm2, heating rate = 50 °C/h.  HDPE
– high-density polyethylene, PP - polypropylene

Another advantage of using PS is that it absorbs less heat up to the thermoforming
temperature, which has a favourable effect on the energy balance and the cycle time.
Furthermore, heat absorption is uniform and can therefore be more easily controlled.
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This behaviour is shown in graph form in Figure 3.24 where the heat capacity
(enthalpy) is plotted against temperature.

Figure 3.24 Heat capacity of thermoplastics.  SB – styrene-butadiene, PVC polyvinylchloride

3.4 Major Applications [13-16]
3.4.1 Packaging
The packaging which PS is used for is mainly of the thin-wall type, such as tubs. PS is
leading in this field, together with PP and polyethylene terephthalate. Approximately
every other kilogram of PS packaging produced is used for dairy products, for
example, for yoghurt and buttermilk tubs, and milk desserts. In western countries,
approximately 20% is used in ‘service packaging’, mostly disposable crockery and
plastic cutlery. Other important applications are rigid packaging made from biaxially

44

Polystyrene
oriented polystyrene (BOPS) and foamed PS shells, for example, for packaging meat.
In BOPS, typically, a few percent of SBC are added to high molecular weight GPPS,
molten in an extruder and processed into a film of defined gauge. By orientation
longitudinally and transversally to the extrusion direction at temperatures below
the Tg, the polymer chains are extended in both directions and make the BOPS film
a highly stiff yet tough, crystal clear packaging film. BOPS films and sheet are used
for decorative packaging film, blister packs for food, and so on.
In GPPS, tear strength and elongation at break is increased by almost 100% because
of the orientation effect in BOPS.
Similar effects can be observed with HIPS. In addition to GPPS, stretching of rubber
particles creates further increased mechanical strength. Stretching of HIPS or HIPS/
GPPS particles typically occurs slightly above the Tg during the thermoforming process
of extruded sheet into beakers, cups, or the like. Typically, the stretching is 10 to 20
times higher than the particle diameter, resulting in extremely elongated ellipsoidal
particles. The resulting morphology is similar to that of highly ductile SBC block
copolymers [16].
Highly stretched rubber particles can be found, for example, in yoghurt pots. The
orientation effects can be visualised by heating up the yoghurt pot above its Tg: after
a short time, the pot deforms so that the ‘frozen-in’ stress is relaxed. Hence, the
mechanical properties of thermoformed HIPS pots depend strongly on the extent of
rubber orientation.
By carefully selecting products and thermoforming conditions it is possible to optimise
mechanical properties by orientation:
•

Select a thermoforming temperature (Tt) close to the Tg of PS (orientation at
Tt = 140 °C << 120 °C)

•

A fast cooling rate prevents/retards relaxation of orientation

•

Select a mid to high molecular weight PS

•

Select PS with a rather larger particle size

Examples of applications for typical packaging made from PS are: yoghurt pots,
drinking cups, foamed trays for freshly packed meat, poultry or beef, fruit and
vegetable bowls, convenience packaging for coffee cream, lids, and so on (Figure 3.25).
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Figure 3.25 Examples of products for food applications made of PS

Even simple packaging, such as yoghurt or dessert pots, often has a complex multilayer structure. Since pots are produced by extrusion and subsequent thermoforming,
stamping of the containers often creates so called ‘scrap’ being fed back into a separate
layer, often embedded in two layers (inside and outside) of ‘virgin’ polymer. In order
to prevent stacking of beakers by electrostatics, a layer of special PS with low surface
resistivity is co-extruded on the outside.
To protect the packaged goods from light, it is often loaded with titanium dioxide
pigment in concentrations of approximately 3%.
As mentioned the barrier properties of HIPS against oxygen, carbon dioxide or water
vapour are relatively moderate, yet fully sufficient for products with a short shelf-life.
In order to enhance shelf-life by protecting the food against oxygen and preventing the
evaporation of water, HIPS is often co-extruded with other polymers, using adhesion
promoters if necessary. In the Table 3.3 some prominent examples are listed [13]:
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Table 3.3 Examples of applications of co-extruded PS packaging
Coextrusion structure

Properties

Examples of Applications

HIPS//EVOH//PE

• Barrier against odour
loss, water vapour
• sealable

• Juice packagings
• Sausage packagings

PETG//HIPS//PETG

• Improved resistance
against fats
• Surface gloss

• Inserts for cookies
chocolate packagings

PS/SBC//PE//PA

• Barrier against water and • Sausage packagings
vapour
• Translucent in thin layers

/ - no adhesion promotor necessary
// - adhesion promotor necessary
EVOH – ethylene vinyl alcohol
PE – polyethylene
PETG – polyethylene terephthalate copolyester with cyclohexanedimethylol
PA - polyamide

Polystyrene packaging can be produced and filled at different stages of the value chain.
In the Form Fill Seal Process (FFS), the completely packaged goods are produced
in-line, starting from polymer granules, (co)extrusion of polymers, thermoforming,
filling and sealing. Polystyrene is the material of choice because of its balanced
mechanical properties. Polystyrene (HIPS) on the one hand is easily thermoformable
and sealable and has sufficient stiffness/toughness to protect the packaged food. On
the other hand, it is not too ductile, hence, it is possible to separate single containers
from a pre-formed pack of four. Modern FFS machines are capable of producing
above 100,000 containers per hour.
Depending on the sensitivity of packaged goods against bacteria, fungi or viruses, a
sterilisation of the FFS sheet is necessary. This is accomplished by either UV-irradiation,
treatment with hydrogen peroxide and pressurised water vapour. Sealing of the pots
is accomplished by aluminum foil, treated with a seal layer.

3.4.2 Eco-efficiency of Packaging [15]
The eco-efficiency analysis is an important instrument in the search for answers to
questions such as: What is the best choice for environmentally aware consumers?
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What should the products of the future look like from an environmental and economic
standpoint?
This analysis, both economic and environmental aspects can be considered during
the development and optimisation of products and processes so that the most ecoefficient variant can then be selected. The objective is to create products that can be
optimally utilised and that display good environmental behaviour and, last but not
least, at a fair market price.
The core elements for assessing eco-efficiency are the consumption of raw materials
and energy, the optimal characteristics of use as well as aspects pertaining to recovery
and disposal. For this purpose, the environmental and economic pros and cons of
competing products are compared. The vantage point of consumers and end users
serve as the yardstick. That is why the analysis does not compare specific raw materials
with each other, but rather final products that fulfill the same function.
Example: yoghurt pot (500 g)
An essential consideration in an eco-efficiency analysis is that the products or
processes being studied have to fulfill equivalent functions for the customer – in this
case, to package 500 grams of yoghurt for the German market. The alternatives to
PS are glass and MixpapTM, a combination of cardboard and plastic. Glass is used
almost exclusively in the form of re-usable jars, while the other types of cups make
up disposable systems. The life cycle of a yoghurt pot made of PS starts with its
production from crude oil and natural gas (Figure 3.26).
Intermediate steps then yield PS granules, which are further processed into pots by
means of deep drawing. The additional steps are filling, labelling, sealing, distribution
of the filled pots, transportation of the empty pots as well as their recovery. The life
cycles are similar for pots made of glass or Mixpap. In the case of re-usable glass jars,
it can be assumed that the product goes back into circulation 10 times. The analysis
also included the burden entailed by the cleaning (detergents, disinfectants).
The most interesting and most significant finding of the analysis is that all of the
packaging studied is environmentally equivalent, there is no difference between reusable glass containers and disposable plastic packaging (Figure 3.27).
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Figure 3.26 A life-cycle scheme for food packaging

Figure 3.27 Eco-efficiency analysis of polystyrene, Mixpap and glass (by BASF,
[15])
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From an economic standpoint, packaging made of pure plastic such as PS is way
ahead, even though it entails high fees for its recovery. In this context, Mixpap has
advantages since its treatment fees are lower. However, the higher production cost of
Mixpap cups wipes out this advantage. With smaller containers, the advantages of
plastic packaging are even greater. An eco-efficiency analysis was also performed on
plastic containers that hold milk products from the Müllermilch Company (with the
example volume of 500 ml). Here, too, plastic containers made of PS likewise proved
to be more eco-efficient than re-usable glass or composite cardboard.

3.4.3 Electrical & Electronics and Domestic Appliances
Besides packaging, PS resins are broadly used in the electrical and electronics industry
(E&E). E&E in this definition contains 3C (consumer electronics + communication
+ computers), appliances and other parts used in the electric industry. Due to the
excellent cost-performance-ratio and easy processing PS resins are also widely used
for general purpose injection moulding and in extrusion.
Injection moulding grades (for example, PS 495 F, Styrolution) can be used to
produce large housing parts as well as filigree, shapely designs. It is a product with
a tremendous potential for future tasks.
Major extrusion applications for PS resins are inner liner of refrigerators and the
compartment doors. Especially in Asia there is a competition between polystyrene
and ABS for in-liners, and the higher market price for ABS is off-set by the higher
performance and reduced sheet thickness for extrusion and thermoforming.

3.4.4 Extruded Polystyrene Foam
Extruded polystyrene foam (XPS) is one of the major applications of polystyrene. XPS
is used for manufacturing of a variety of food packagings like foamed meat trays,
clamp shells for hot & cold food or beverage cups (see Section 3.3.3). Other major
applications are (thick) XPS foam boards for insulation purposes. XPS foam boards
find widespread use in building and construction. Due to its hydrolytic stability, XPS
is frequently used where thermal insulations are in contact with soil, but can be found
in facade and roof insulation as well.
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Styrene Copolymers

4.1 Manufacturing Process and Microstructure of Styrene
Copolymers
Styrene-acrylonitrile co-polymer (SAN) is the base material for styrene copolymers
and has been introduced in Chapters 1 and 2 of this book. It is a copolymer of styrene
and acrylonitrile in weight ratios of approximately 80/20 to 65/35 in industrial
applications. SAN has similar transparency to general purpose polystyrene (GPPS),
however, it often has a slight yellow tint due to the formation of chromophores during
manufacturing and processing of the acrylonitrile-containing chain segments. It has a
slightly higher stiffness than GPPS and is significantly more resistant to fats and oils.
Acrylonitrile-butadiene-styrene (ABS), which can be defined as an impact modified
SAN can be produced by mass polymerisation, similarly to the processes described in
Chapter 3 for high-impact polystyrene (HIPS). These products are often abbreviated to
‘M-ABS’ for ‘mass polymerised ABS’, not to be confused with transparent methacrylate
acrylonitrile butadiene styrene co-polymers (MABS). Similarly to HIPS, particle size
and morphology in M-ABS can be defined by variation of the viscosity ratio between
the continuous SAN and the discontinuous polybutadiene (PB) phase, by variation
of the stirrer speed, the solution viscosity and, hence, the molecular weight of the PB
rubber and the amount of rubber. Typical particles sizes are between 1-5 µm, recent
developments have produced particle sizes well below 1 µm.
Effective impact modification in ABS is accomplished with smaller particles compared
to HIPS [1]. Particles around or below 1 µm can also be produced by emulsion
technology and, thus, emulsion polymerised ABS dominates today´s global ABS
production landscape. In order to guarantee optimum impact modification the PB
emulsion rubber must be compatible with the base polymer (SAN matrix). This is done
by grafting with monomers, which are miscible with the matrix. Thus, for example,
the PB rubber for ABS is grafted with a mixture of styrene and acrylonitrile. The
graft rubbers produced in this way consist of a flexible rubber core surrounded by a
graft shell, which provides linkages to the matrix. The particles of rubber are finely
dispersed in the rigid phase, and, thus, the impact-modified styrenic co-polymers
have a multi-phase structure.
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Figure 4.1 gives a brief overview about the emulsion polymerisation process. CTA:
Chain transfer agent

Figure 4.1 Schematic process to produce emulsion type ABS

Emulsion type ABS is characterised by following features:
•

Small size rubber particles (typically well below 1 µm), hence, low interference
with incident light and, thus, they have a high gloss.

•

Particle size can be defined exactly by concentration and type of emulsifier in the
aqueous phase.

•

A relatively high amount of butadiene is necessary to achieve a typical ABS impact
strength.

The mass polymerisation process is similar to the scheme depicted in Figure 3.2, with
acrylonitrile as an additional co-monomer and eventually special PB rubber grades
adapted to the M-ABS process.
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M-ABS is characterised by following features:
•

Large size rubber particles (typically well above 1 µm), hence, high interference
with incident light and, thus, a relatively low gloss. Smaller size rubber particles
in special grades.

•

Light colour.

•

High rubber efficiency, for example, inclusion of SAN in rubber particles.

Figure 4.2 shows the differences between the emulsion versus the mass polymerisation
process on the morphology. Typically, particles with diameters in the range of the
wavelength of visible light can be produced by emulsion polymerisation. As a
consequence, glossy products with high quality surface appearance are based on
this technique. Larger particles – often with inclusions of matrix polymer – result
from mass polymerisation. These morphologies typically cause less glossy surface
appearance, and are characterised by a high rubber efficiency, namely, impact strength
per amount of rubber.

Figure 4.2 Examples of morphologies of typical emulsion ABS (left) and M-ABS
(right)

Rubber particles dissipate impact energy only if they can effectively initiate and
terminate ‘crazes’. By this ‘crazing’, energy is transformed into deformation of rubber
particles, eventually accompanied by formation of voids in the rubber particle itself.
Deformation, however, initiates crazes, that can effectively be stopped by other rubber
particles (Figure 4.3) [1].
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Figure 4.3 Energy dissipation by crack formation in rubber toughened plastics

The predominant fracture mechanism in polymers with low polarity (such as high
impact polystyrene or ABS with low acrylonitrile content) is the craze mechanism
(with an optimum particle size of approximately 2-6 µm). With increasing polarity,
the dissipation of energy by formation of shear bands (‘shear yielding’) becomes more
pronounced. This second mechanism is facilitated by very small particles in the sub100 nm area. As a rule of thumb it is accepted to say that – starting with HIPS, the
increase of acrylonitrile content in rubber modified styrene polymers causes a shift
towards lower optimal particle size. For this reason, M-ABS typically has significantly
smaller cellular particles than mass polymerised HIPS [2].
While amorphous, single-phase materials such as SAN or polymethylmethacrylate are
transparent; rubber-modified, multi-phase materials are, as a general rule, opaque.
The reason for the loss of transparency is the scattering of light by the particles of
rubber dispersed in the amorphous matrix. However, as with every rule there are
also exceptions. In the case of methylmethacrylate-acrylonitrile-butadiene-styrene
polymers (MABS) the refractive index of the rubber (for example: Terlux®) is built
up in such a way that it has exactly the same refractive index as the matrix. Thus,
light is not scattered and the material remains transparent (Figure 4.4 [3]).
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Figure 4.4 Transparency in multi-phased MABS (example here: Terlux®)

However, as a result of the different temperature-dependence of the refractive indices
of rubber and the matrix, Terlux® becomes less transparent as the temperature rises.
Thus, injection moulded finished parts achieve their full transparency only after they
have completely cooled down.
Graft rubbers based on polybutadiene (ABS) or acrylonitrile-styrene-acrylate esters
(ASA) are generally used for the impact-modification of styrene copolymers [1]. The
use of PB typically results in highly tough ABS grades even at low temperatures but the
weather and heat ageing resistance is inferior, compared to ASA, due to C-C double
bonds in the rubber phase. These double bonds can be easily attacked by ultraviolet
(UV) radiation and oxygen, resulting in yellow and brittle products after some time.
Acrylate rubbers, which are used in ASA have no C-C double bonds. For that reason
ASA is substantially more resistant to weathering than is ABS. Due to the polar
acrylate component ASA is also more resistant to stress cracking by unpolar agents
compared to ABS [1].
In outdoor applications ASA yellows to a significantly lower degree - compared to
ABS - and retains its impact resistance over a substantially longer period of time. The
tendency to yellowing in both ABS and ASA can be further reduced by the addition
of UV stabilisers [1].
The low tendency to graying of ASA in dark colours is important, especially for
exterior automotive applications. Exposure of ABS to UV causes surface damage.
If the vehicle is cleaned with warm water or soap solution the damaged layer is
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partially washed off. This gives rise to irregular scattering of the reflected light, which
is perceived as a lightening (or graying) of black-coloured ABS parts. ASA exhibits
substantially better behaviour.

4.2 Product Characterisation and Properties of Styrene-acrylonitrile
Co-polymer [4]
SAN is a copolymer from styrene and acrylonitrile. The technically available SAN
grades differ with respect to:
•

Molecular weight

•

Acrylonitrile content (between approximately 20 to 35 wt%)

A speciality are the so-called ‘high heat’ grades. They are based on α-methylstyrene
and acrylonitrile (AMSAN). The additional methyl group increases the Vicat softening
temperature by approximately 15 °C, compared to SAN.

4.2.1 Stress-strain Characteristics
The stress-strain diagrams (Figure 4.5) illustrate the high strength of the Luran® grades.
The tensile strength of the individual grades varies in accordance with differences in
acrylonitrile content and differences in relative molar mass.
The shape of the stress-strain curves depends on the test temperature and the strain
rate. Figure 4.6 shows the temperature-dependence of the strength characteristics
with reference to the example of Luran® 368 R.
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Figure 4.5 Stress/strain diagrams for various SAN grades, measured at 23 °C, ISO
527 [5] (example here: Luran®)

Figure 4.6 Stress/strain diagrams of SAN at different temperatures, ISO 527 [5]
(example here: Luran® 368 R)
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4.2.2 Thermal Properties
Measurements conducted in accordance with ISO 306 [6] and ISO 75 [5] are used
to characterise the thermostability of SAN. The heat resistance in accordance with
ISO 306 for standard grades is 106-107 °C. Additionally, Luran® HH-120 is a grade
with a higher Vicat softening point of 120 °C.
The upper temperature limit for the use of parts made from SAN is approximately
85 °C, although higher temperatures are permissible for short periods.
The maximum values for glass-fibre reinforced SAN and the special AMSAN grade
HH-120 are 90 and 95 °C, respectively. These values are only valid when air is the
heat-transfer medium. In water or other liquids heat exchange is substantially higher
and distortion may set in at lower temperatures.
SAN is considerably more resistant to such temperature changes than GPPS. For that
reason, it is also used for high-quality household goods.
High temperature resistant AMSAN (e.g., Luran HH-120), is compatible with
polyvinylchloride (PVC) and, as an additive component, can increase the continuous
operating temperature of PVC. This is advantageous when high temperatures are
used, for example, in wastewater pipes for hot water, or whenever hot ambient
temperatures are encountered in tropical countries. Particularly for PVC in dark
colours, a significant part of the UV radiation is transformed into heat, which can
cause deformation of the parts made of PVC. The excellent UV-stability of Luran®
HH also makes this material a good choice for transparent covers made of PVC.
Profiles made of PVC to which Luran® HH-120 has been added, can be welded under
the same conditions as profiles made of pure PVC. Comparable corner strength values
are obtained.

4.2.3 Optical and Electrical Properties
In the visible range, SAN (for example: Luran®) exhibits light transmittance of 90%
but it absorbs in the UV range. Figure 4.7 shows how light transmission varies with
wavelength. Due to the lighter natural colour of SAN, such as Luran® 348 Q, 358
N and 368 R, the light transmittance of these grades falls off towards the UV end of
the spectrum later than is the case for Luran® 378 P and 388 S. The slight differences
in shade between Luran® 348 Q, 358 N and 368 R on the one hand and 378 P and
388 S on the other hand are caused by differences in acrylonitrile content. The same
is true for the differences in refractive index.
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Figure 4.7 Light transmittance of various SAN grades at 1.5 mm thickness (for
example, Luran®)

4.2.4 Resistance to Chemicals
SAN copolymers generally have better chemical resistance than standard polystyrene
and are dishwasher-resistant. Resistance to chemicals rises steeply as the acrylonitrile
content increases.
Thus, at room temperature SAN is resistant to saturated hydrocarbons, gas fuels low
in aromatics and mineral oils, vegetable and animal fats and oils, water, aqueous
salt solutions, dilute acids and alkalis. Concentrated inorganic acids, aromatic and
chlorinated hydrocarbons, esters, ethers and ketones attack SAN.
Immersion tests on SAN parts in different test media provide an initial indication of
chemical resistance. Any increase in mass can serve as a measure of adverse effects
due to chemicals. Apart from this purely chemical resistance, stress-cracking resistance
frequently plays a significant role. Here also a higher acrylonitrile content and to a
lesser extent a high relative molar mass have a favourable effect.
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4.2.5 Special Features of Glass-fibre Reinforced Styrene-acrylonitrile Copolymer
SAN grades reinforced with glass fibres (GF-SAN) are available to partly replace
higher valued engineering thermoplastics or even metals. The special characteristics
of the products include very high rigidity and enhanced thermostability as well as
a reduced coefficient of linear expansion on par with that of metals (Figure 4.8).
Moulding shrinkage is, therefore, about 60% less than in the base material SAN.

Figure 4.8 Coefficients of linear thermal expansion of various plastics compared
with those of conventional materials (unit: 10-6/K)

GF-SAN was developed primarily for technical applications requiring low thermal
expansion, high rigidity, enhanced thermostability, narrow dimensional tolerances
and good electrical properties.
GF-SAN such as Luran® 378 P G7 has a modulus of elasticity of 10 GPa, being three
times as high as that of the base material. Its tensile strength, for example, is also
considerably higher (Figure 4.9)
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Figure 4.9 Modulus of elasticity of GF-SAN compared with SAN, ISO 527 [5]
(example: Luran® 378 PG7 and Luran® 378 P)

Mechanical properties of injection moulded parts made from GF-SAN are highly
dependent on the orientation of the glass fibres and on the direction of application
of stress.

4.2.6 Processing
In general, Luran® is processed under similar conditions as polystyrene (see Section
3.3). Some specific processing guidelines are:
•

Pre-drying: 2-4 h/80 °C.

•

Injection moulding mould surface temperatures of between 40 °C and 80 °C.

•

Injection moulding melt temperatures: between 210 °C and 260 °C. 230 °C and
250 °C are preferred.

•

Extrusion processing temperatures: between approximately 190 °C and 250 °C.

63

Practical Guide to Structures, Properties and Applications of Styrenic Polymers

4.3 Product Characterisation and Properties of Acrylonitrilebutadiene-styrene and Acrylonitrile-styrene-acrylate [1, 7, 8]
As outlined in Section 4.1, ASA is a weather-resistant product otherwise being similar
to ABS. The most significant differences are:
•

UV-resistance (ASA > ABS)

•

Resistance to heat ageing (ASA > ABS)

•

Low temperature impact resistance (ABS > ASA)

Therefore, in the following sections, the typical properties of ABS and ASA are
explained only with either ABS or ASA, unless there are significant differences. It
is important to note that some commercial ASA grades contain small amounts of
butadiene rubber, and, hence, show inferior weatherability compared to pure ASA
(based on rubber consisting of 100% acrylate).

4.3.1 Stress-strain Characteristics
The mechanical performance of ASA is shown in Figure 4.10 using the stress-strain
curve from the tensile test. Depending on their rubber content the individual grades
show differences in their yield stresses. The shape of the stress-strain curves also
depends on the test temperature and the strain rate.
Figure 4.11 uses Luran® S 778 T to illustrate the temperature dependence of strength
in ASA. Increasing test temperatures give higher strain and lower strength values. The
modulus of elasticity also decreases with increasing test temperature. However, in the
temperature range between -20 °C and 80 °C, which is relevant in some industrial
applications, the Luran® S grades have a high and essentially constant rigidity.
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Figure 4.10 Stress/strain curves for ASA grades, ISO 527 [6]
(example: Luran® S 778 T and Luran® S 797 S)

Figure 4.11 Stress/strain curves for ASA grades, ISO 527 [6]
(example: Luran® S 778 T)
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4.3.2 Thermal and Ultra-violet Properties
As mentioned before, ASA has a high resistance to weathering because the elastomer
component consists of an acrylate having a significantly higher resistance to UV
radiation and attack by atmospheric oxygen than the butadiene rubber, which is
used, for example, in impact-modified polystyrene and ABS.
A very sensitive method of quantifying the change in the mechanical properties of
polymers brought about by the effects of weathering is to determine the penetration
energy on weathered specimens. If the (non-irradiated) reverse side of the specimen
is hit, the irradiated front side experiences a sudden tensile stress, so that even the
slightest deterioration gives a clear reduction in the measured values.
Figure 4.12 shows the penetration energy curve for 2 mm thick disks of ABS and
ASA (Luran® S). While the toughness of ABS falls away very rapidly, ASA remains at
a high level for a significantly longer period. The [ASA + polycarbonate (PC)] blends
and UV-stabilised ASA show a particularly favourable performance.

Figure 4.12 Toughness of various ABS and ASA grades in the ISO 6603-2 [9]
penetration test after outdoor weathering in Germany, penetration energy on 2
mm disks
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The outdoor weathering of plastics may not only change their mechanical properties.
The combination of UV radiation, atmospheric oxygen and heat frequently causes a
clearly visible yellowing. Also in this respect, the chemical structure of ASA makes
it exceptionally stable. Figure 4.13 shows the yellowing of different white-coloured
plastics on outdoor weathering. All products change colour very slightly in the early
stages. Whereas ABS and PC + ABS show rapid yellowing afterwards, ASA starts
yellowing at a much later stage and to a much lesser extent. ASA containing additional
UV stabiliser shows particularly excellent performance. Even after 4,000 hours of
sunshine, corresponding to more than two years of outdoor weathering, this product
still shows virtually no yellowing. The very low level of yellowing of ASA in outdoor
weathering is comparable with that of PVC, a material whose ideal suitability for
outdoor applications has been proven in many years of use.

Figure 4.13 Yellowing of ABS, ASA and blends on outdoor weathering (white
pigmentation)

For applications of Luran® S in automotive exteriors it is particularly important
that, in contrast to UV-stabilised ABS and PC + polybutylene terephthalate (PBT)
blends, dark-coloured formulations have only a very slight tendency to graying after
weathering followed by contact with hot water or soap solution.
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This represents the typical conditions both for the removal of wax from new vehicles
after outdoor storage and also for vehicles, which are cleaned after being subjected
to solar radiation.
The stability of ASA grades to long-term heat exposure can be proven by storage at,
for example, 90 °C. Whereas the mechanical strength of comparable ABS products
decreases rapidly in this test, ASA shows only a small change in toughness over the
same period.
Likewise, the resistance to yellowing of ASA on exposure to heat is very much higher
than that of ABS and PC + ABS.

4.3.3 Electrical Properties
ABS and ASA have good electrical insulation performance. The important parameters
are the volume resistivity and surface resistivity, the dielectric strength, the comparative
tracking index, and the dielectric constant and dissipation factor.
In electrical communications engineering, ABS and ASA are used both as a material
for housings and covers and as an actual insulator.

4.3.4 Chemical Resistance
At room temperature, ABS and ASA are stable to water, aqueous salt solutions and
dilute acids. ASA is stable to saturated hydrocarbons, low-aromatic fuels and mineral
oils, vegetable and animal fats and oils. Although most ABS and ASA grades are also
stable to alkalis, the PC content of the PC blends makes them susceptible to damage
by alkalis, ammonia and amines. Concentrated acids, aromatic hydrocarbons and
chlorinated hydrocarbons, esters, ethers and ketones attack ABS and ASA.
The effect of any medium on a plastic article depends to a great extent on the time of
exposure and the temperature. The effect is generally amplified if the ABS and ASA
part is subject to internal or external stresses.
It should also be noted that engineering materials usually contain varying amounts
of ancillary ingredients, which can have different effects on stability.
In pigmented ASA, the possible effect of the pigments used must also be taken into
account. For example, certain pigments can undergo changes in heavily chlorinated
water, and this can cause a colour shift of the parts. Because such effects vary widely,
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laboratory experiments can only give guidelines; it is essential to carry out tests on
the actual finished part.
In general, ASA (here Luran® S) has good resistance to stress cracking. The acrylate
rubber in Luran® S gives it a better performance than ABS (Figure 4.14).

Figure 4.14 Stress cracking performance of ASA (Luran® S) against isopropanol,
measured by the ISO 22088-4 ball indentation test [10]

4.3.5 Processing
ABS and ASA in general are processed at slightly higher temperatures compared to
polystyrene (see Section 3.3). Some specific processing guidelines are:
•

Pre-drying: 2-4 h/80 °C.

•

Injection moulding, mould surface temperatures of between 40 °C and 80 °C.

•

Injection moulding melt temperatures: between 230 °C and 280 °C.
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Open nozzles can often be used for processing ABS and ASA moulding compounds
because the melts are relatively viscous.
Extrusion processing temperatures: between approximately 200 °C and 260 °C. Sheets
and films made from ABS and ASA can usually be thermoformed into mouldings with
good wall thickness distribution. Thermoforming can be carried out with standard
machinery for the vacuum forming and compressed air forming of sheets and films.
Recommended forming temperatures are between approximately 130 °C to 170 °C.

4.4 Product Characterisation and Properties of Methacrylateacrylonitrile-butadiene-styrene (MABS) [1, 3]
As outlined in Section 4.1, MABS is a refractive index matched ABS. By incorporating
a monomer with a low refractive index (methyl methycrylate (MMA), nD25 = 1.490)
into a matrix with a high refractive index (SAN, nD25 = 1.575), it is possible to match
the refractive index of the PB rubber (nD25 = 1.515). By including polystyrene with
nD25 = 1.590 into PB rubber it is possible to increase the refractive index. Once both
indexes match, the material ‘MABS’ is transparent, despite its still two-phase structure
consisting of S/AN/MMA containing matrix and dispersed PB rubber.
MABS is characterised by the combination of the following properties:
•

Excellent transparency

•

High impact strength

•

Good mechanical strength and rigidity

•

Good resistance to chemicals and stress cracking

•

Good processability

4.4.1 Stress-strain characteristics and Mechanical Properties
MABS show similar characteristics to ABS. A typical stress-strain curve is shown in
Figure 4.15.
On the basis of its mechanical properties, MABS is categorised as a stiff material of
medium impact strength.
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4.4.2 Optical Properties
At room temperature, MABS (Terlux®) exhibits a high transparency of more than
85% from 450 nm, increasing to over 90% at higher wavelengths. Figure 4.16 shows
the light transmission of MABS as a function of wavelength.

Figure 4.15 Stress/strain curves of MABS (Terlux® 2812 TR) as a function of
temperature

Higher temperatures lead to clouding, attributable to the differing temperaturedependence of the refractive indices of matrix and elastomer phases. This clouding
disappears completely on cooling to room temperature. For this reason, injection
moulded parts exhibit their full transparency only after they have cooled.
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Figure 4.16 Light transmission of MABS (Terlux® 2802 TR and 2812 TR) as a
function of wavelength (measured in an injection moulded specimen at 2 mm
thickness)

4.4.3 Other Properties
For applications in the medical sector, finished parts must generally be sterilised.
Suitable sterilisation processes for MABS use ethylene oxide or gamma radiation.
MABS has insufficient heat resistance for steam sterilisation. The doses of gamma
radiation usually used for sterilisation, 25-35 kGy (2.5-3.5 Mrad), typically have no
effect on the mechanical properties of test pieces made from MABS. However, gamma
radiation does cause some yellowing, the extent of which depends on the radiation
dose used. This effect can sometimes be reversed almost completely on storage in light.
MABS grades have a butadiene-containing elastomer component. Their behaviour on
exposure to heat or UV light can therefore be compared with that of ABS. Exposure
to atmospheric oxygen and elevated temperatures can damage the rubber component,
leading to yellowing and reduced impact strength. Similar effects are caused by
intense UV radiation or outdoor weathering. Finished parts made from MABS in
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pale transparent colours are particularly susceptible to colour change on weathering
or heat ageing. MABS is therefore used preferably in indoor applications.

4.4.4 Processing
MABS processing is somewhat similar to that of ABS. Some specific processing
guidelines are:
•

Pre-drying: 2 h/70 °C.

•

Injection moulding mould surface temperatures of between 40 °C and 80 °C.

•

Injection moulding melt temperatures: 230 °C and 260 °C.

•

Open nozzles can often be used.

•

Extrusion processing temperatures: between approximately 200 °C and 260 °C.

4.5 Major Applications [3, 4, 7, 8]
SAN polymers feature high stiffness, high resistance against oils and fats and high
transparency, making this class of polymers the material of choice in cosmetics,
household and technical applications.
ABS, especially the emulsion-based ABS, is the material of choice, when it comes
to indoor applications with excellent gloss, brilliant colour and high stiffness at
high toughness. Hence, ABS is used in applications such as toys, sports, domestic
appliances and computer and printer housings. Figure 4.17 shows a coloured coffee
machine made of ABS.
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Figure 4.17 Coffee machine housing made from ABS

ASA, as the weather resistant equivalent to ABS, is frequently used in exterior
applications without painting or coating. One example is automotive parts (Figure
4.18).

Figure 4.18 Automotive cooling grilles made of ASA (Luran® S)
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MABS is the transparent equivalent to ABS, tough, stiff, resistant against oil and fats
and brilliant. Hence, it is often used in cosmetic cases, healthcare and diagnostics
(Figure 4.19).

Figure 4.19 Medical parts made of MABS (here Terlux®)
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Styrenic Block Copolymers

5.1 Introduction: From Styrene Block Copolymer Elastomers to
High-styrene Content Styrene Block Copolymer Thermoplastics
A particular characteristic of styrenic block copolymers (SBC) is the intentional
creation of block structures through anionic polymerisation to yield a sequence of
hard styrene blocks and soft butadiene (or isoprene) blocks which is different from
the elastomers produced from styrene and butadiene (the styrene-butadiene synthetic
rubbers) using the radical technology and high-impact polystyrene (HIPS) with grafted,
crosslinked polybutadiene particles.
With the symmetrical styrene-butadiene-styrene (SBS) block copolymers, the
phase volume ratio decides whether the thermoplastic or the elastomeric character
predominates as seen in Figure 5.1.
Therefore, we should in general distinguish two types of SBC:
a) Elastomers, where the soft, elastic component forms the continuous phase,
typically containing less than 50% of styrene, and
b) High-styrene-content (rigid) styrene-butadiene copolymers (HS-SBC) resins,
typically containing over 70% styrene and belonging to the class of tough-rigid,
transparent thermoplastics.
SBC elastomers are polymers of styrene and butadiene (or isoprene) often referred
as thermoplastic elastomers (S-TPE) where the S stands for styrene. These block
copolymers are produced in a solution polymerisation process by the anionic
polymerisation of styrene and 1,3-butadiene or isoprene using an alkyl lithium
initiator.
SBC elastomers consist of at least three blocks: two hard end blocks (polystyrene;
PS) and one soft, elastomeric mid-block – polybutadiene (SBS) or polyisoprene. The
midblock of SBC elastomers can be selectively hydrogenated resulting in a copolymer
of styrene-ethylene-butylene-styrene or styrene-ethylene-propylene-styrene.
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Figure 5.1 The phase-volume ratio of symmetrical SBS block copolymers
determines the thermoplastic or elastomeric character

These materials are considered a more specialised polymer with improved resistance to
environmental factors such as heat, UV radiation and chemicals. The main applications
for the SBC elastomers are in the adhesives, compounding, construction and footwear
sectors, among others. S-TPE grades were first marketed by Shell in the mid-1950s
under the trade names Kraton® and Cariflex®.
In the following sections we will have a clear focus on the high-styrene-content SBC
resins. HS-SBC resins are a family of rigid, styrenic thermoplastic block copolymers
containing about 70-80% styrene and 20-30% butadiene. Their properties include
glass-like clarity, toughness, good impact resistance and ease of processing. In addition
to the transparency and mechanical strength inherent to SB block copolymers, good
compatibility with general-purpose polystyrene (GPPS) along with high ductility and
an elongation at break, which frequently exceeds 300% are characteristics of these
materials.
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5.2 Producers of HS-SBC Resins
In Western Europe, Total Petrochemicals (formerly known as Atofina) withdrew
from the SBC business in 2006. Styrolution with production sites in Europe and
Mexico has become a leading producer for HS-SBC. Together with the limitation of
production capacity of Chevron Phillips in the US to 45 Tt, the global market is back
into balance. The producers of HS-SBC are listed in Table 5.1.

Table 5.1 HS-SBC resin producers in the world [1]
Company and plant location

Annual
capacity as of
year end
2009 (Tt)

Annual
capacity as of
year end
2014 (Tt)

Trade
Name

United States
Chevron Phillips Chemical
Company, Pasadena, TX

45

45

K-Resin®

Mexico
Styrolution Mexicana, SA: de CV,
Altamira Tamaulipas

45

45

Styrolux®

Belgium
Styrolution Antwerpen NV,
Antwerp

65

65

Styrolux®

Japan
Asahi Kasei Chemicals
Corporation
Kawasaki, Kanagawa Prefecture
Denki Kagaku Kogyo KK
Ichichara, Chiba Prefecture

50
45

50
45

Asaflex®
Clearen®

China
Sinopec Maoming Petrochemical
Co.
Maoming, Guangdong

Not available

Not available

Korea, Republic of
KR-Copolymer Co., Ltd.
Yeochon

52

52

K-Resin®

Taiwan
Chi Mei
Jentch Hsiang

na

na

Q-Resin®

Total

> 302

> 302
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The global demand for HS-SBC is estimated to be about 250 Tt with Asia accounting
for nearly half of the demand. The Americas account for about 32% and Europe for
about 21%. The global demand is projected to grow by 5% on average in the next
four years.

5.3 Manufacturing of SBS Block Copolymers by Anionic, ‘Living’
Polymerisation
The importance and the advantage of anionic polymerisation is clearly the unique
and most elegant route to synthesise tailor-made polymers with uniform chain length
and adjustable molar mass. From a technology point of view, although only a few
important monomers like styrene, butadiene or isoprene can be used in practice, the
number of potential arrangements of these monomer units in copolymers is nearly
unlimited in variety. From a performance point of view the most important block
copolymers are those where a sequence of hard-soft-hard (SBS) blocks and derived
architectures are used to build the main structural element as shown in Figure 5.2.

Figure 5.2 Anionic, ‘living’ polymerisation: a unique tool box to tailor-make SB
copolymers
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These specific features can be attributed to the nature of this polymerisation which is
under appropriate process conditions, free of any termination- and transfer-reactions
and, in an ideal situation, the unlimited lifetime of the reactive carbanionic chain ends.
Therefore, the anionic polymerisation requires highly purified monomers and solvents,
the complete absence of oxygen and the preferred initiators are n-butyl lithium or
the more reactive sec-butyl lithium.
The ‘living’ nature of this polymerisation with lithium alkyls as chain starters was
discovered and defined by Szwarc and co-workers in 1956 [2].
One consequence of the ‘living’ nature of anionic polymerisation is that the number
average molecular weight (Mn), of polymers resulting from such a termination- and
transfer-free reaction can be calculated by the amount of consumed monomer and
the initiator used for the polymerisation, as the degree of polymerisation would be
the ratio of the moles of the monomer consumed to the moles of the initiator added:

(5.1)

where: Mo = mol mass of the repeating unit,
[M]o = initial concentration of the monomer, and
[I] = concentration of the initiator.
All the chains are initiated at roughly the same time. The final result is that the
polymer synthesis can be done in a much more controlled manner in terms of the
molecular mass and molecular mass distribution (Poisson distribution). A very narrow
molecular mass distribution, characteristic for the anionic polymerisation, is more
of academic interest but disadvantageous for practical purposes especially from the
point of view of the mechanical properties and the melt rheology or processability in
general. Good mechanical strength requires a certain degree of chain entanglement
connected with high molar masses which on the opposite leads to high melt viscosities
and, thus, poor processability.
With radically polymerised GPPS, for example, this conflict is solved by the broad
molecular mass distribution: the long chains provide the mechanical strength, whereas,
the shorter chains reduce the melt viscosity. From this point of view a broad, bimodal
molecular mass distribution would be desirable for the SB block copolymers as well.
How this can be achieved will be discussed in Section 5.4.
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5.4 Copolymerisation of Styrene and Butadiene – Linear and StarShaped Block Architectures
The sequential addition and complete consumption of the monomers to achieve the
desired block structure is preferable done in a batch process in a non-polar solvent
such as cyclohexane using a stirred reactor vessel.
In a typical three-step process for example, a portion of styrene monomer in
cyclohexane is initiated with butyl lithium to build the first block (S1). If after
complete conversion of the styrene the second monomer butadiene is added, these
monomers add to the living chain ends of the initial S1-block and create the second
block (S1-B1). A second addition of styrene monomer (S2) would lead to the desired
three-block structure (S1-B1-S2) and it is obvious that by using sequential monomer
addition asymmetric three-block copolymers with styrene end blocks of different
chain length are also possible.
If the remaining monomers, butadiene (B1) and styrene (S2) are added simultaneously
after the polymerisation of the first S-block the resulting polymer reveals a three-block
structure as well but with a small block segment where styrene and butadiene are
arranged in a statistical order as shown in Figure 5.3.
The reason for this arrangement is easily explained: during the copolymerisation of
styrene and butadiene in a non-polar solvent the entrapment of butadiene is favoured
over styrene, although the homo-polymerisation of butadiene proceeds much slower
than with styrene. The reason for the latter observation is the stronger association
of active polybutadienyl-lithium chain ends in clusters compared with the same
polystyryl-species in a non-polar solvent.
In Table 5.2 the copolymerisation parameters for styrene and butadiene in cyclohexane
and in the polar solvent tetrahydrofuran (THF) are listed. The terms rB and rS, the ratios
of the speeds of the homopolymerisation of butadiene (BB) or styrene (SS) versus the
speed of copolymerisation (BS, SB) demonstrates that butadiene adds about 15 times
faster on a living chain end than styrene in cyclohexane.
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Figure 5.3 Linear SB block copolymer structures with sharp or tapered transitions

Table 5.2 Influence of solvents on the copolymerisation of styrene and
butadiene initiated with butyl lithium (selection)
Solvent

Temperature (° C)

rB = kBB/kBS

rS = Kss/kSB

Cyclohexane

25

15.50

0.04

Tetrahydrofuran

-78

0.04

11.00

Polar solvents such as THF can turn the copolymerisation parameters. For example,
in unpolar solvents the polymerisation of butadiene is favoured – in polar solvents the
polymerisation of styrene is favoured. Even a small addition of THF to cyclohexane
is enough to achieve a statistical arrangement of the monomers styrene and butadiene
in the polymer chain. THF acts here as a so-called randomiser.
Unfortunately THF changes the butadiene microstructure raising the 1,2–vinyl content
from about 8% in pure cyclohexane up to 30% in the presence of about 0.3 vol%

85

Practical Guide to Structures, Properties and Applications of Styrenic Polymers
THF compared to cyclohexane. The higher the 1,2-vinyl content the more prone are
these polymers to thermal degradation and crosslinking.
As an elegant alternative to circumvent the negative impact on the microstructure
of the polybutadiene units, sterically hindered potassium alkoxides are preferably
added as randomisers. Best results are obtained with a K/Li molar ratio of 1:35 [3].
With this toolbox available either broader tapered block transitions can be achieved
but ‘ideal’ statistical blocks with a user-defined composition of both monomers, can
be created, as well.
Tapered SB block transitions and butadiene-rich statistical SB blocks enlarge the socalled interphase (volume fraction between the elastomeric and stiff phases) and reduce
the interfacial surface tension; both effects lead to softer and very tough products.
At the end of the polymerisation, the still living chain ends can simply be terminated
with alcohols for instance (protonation) or through addition of bi- or multifunctional
coupling agents to form symmetrical structures with double chain length or starshaped polymers.
The excellent blend performance of these styrene-butadiene block copolymers with
GPPS is one of the highly appreciated features in many of the application areas. To
achieve this good compatibility at least one styrene end block of the SBC should have
a molar mass, which is in the same order of magnitude of the GPPS used for blending.
This requirement is easily fulfilled and leads to an asymmetric block structure with
one long and one or several shorter PS-blocks; the easiest synthetic route has been
described already for linear SB-copolymers.
Linear asymmetric SBS block copolymers were first marketed by Asahi at the end
of the 1960s. Asaflex® (Asahi) and the phased-out Finaclear® (formerly made by
Atofina) belong to this group of block copolymers, while Clearen® (Denka) has been
described as a bifunctionally initiated symmetrical SBS triblock copolymer with
tapered transitions.
In 2003 Asahi Kasei launched a novel series of block copolymers, the Asaflex®-i
series, where the elastomeric middle block is built by a statistical 1:1 copolymer of
butadiene and isoprene. These resins provide a very high resistance against thermal
degradation resulting in low gel content, making these products especially suited for
thin, flexible film applications and high-quality sheets.
For the coupled, star-shaped polymer species, the synthesis of asymmetric block
structures requires double initiation with butyl lithium as shown in Figure 5.4, leading
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to a certain number of long and short chains, the ratio defined by the initiator ratio
of butyl lithium 1 (BuLi 1) to butyl lithium 2 (BuLi 2).

Figure 5.4 Synthesis of a non-symmetrical, star-shaped SBC

Star-shaped coupled SB copolymers were firstly launched by Phillips 66 (today:
Chevron Phillips Chemical) under the trade name K-Resin at the end of the 1960s.
Styrolux® grades marketed by Styrolution (formerly BASF) belong to this class of
asymmetric coupled SB-copolymers, as well.
The coupling of long and short block segments with a coupling agent of varying
functionality –such as the commonly used epoxidised vegetable oils - to star polymers
leads to a broad molar mass distribution as a consequence of the statistical frequency
distribution. The average of three to five star-arms per polymer chain improves the
processing behaviour, the thermal stability and reduces the orientation dependence
of the mechanical properties.

5.5 Morphology and Structure-properties - Correlations of SB Block
Copolymers
The thermodynamic incompatibility of the PS and the polybutadiene blocks is the
driving force for phase segregation in the solid state and the formation of nanoscale
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structures. The two-phase morphology types as function of the phase-volume ratio
are shown in Figure 5.5

Figure 5.5 Two-phase morphologies of different non-symmetrical star-shaped SBC
grades. TEM = transmission electron microscopy

Different analytical methods have shown that the interface between the PS-blocks
and the polybutadiene-blocks, even with a sharp transition between both, takes up
a certain volume where segments built of both monomers exist. In these volume
segments a mixing glass temperature around room temperature and above is observed
and the interface can be seen as an extension of the soft phase. Thus, the elastomeric
phase responsible for the toughness becomes much larger than the pure polybutadiene
fraction suggests. In addition to the hard PS blocks and the highly elastic PB blocks,
the mixed block segments create their own semi-hard and pronounced ductile phase.
The intentional broadening of this interface via insertion of tapered block transitions
or blocks with a statistical arrangement of styrene and butadiene is a valuable tool to
further increase the ‘toughness efficiency’ of these block copolymers, without having
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to incorporate more butadiene into the polymer chains. The expression ‘toughness
efficiency’ means the ability of SB-copolymers to retain a good, useful toughness even
when mixed with relatively high amounts of GPPS.
The high transparency and mechanical strength of this product class also result from
the specific morphology: in contrast to conventional HIPS with its characteristic
particle morphology and the opaque appearance, SB-copolymers reveal a glass-like
transparency due to the fact that spacial heterogeneity of the domains lies far below
the wavelength of visible light.
The hard-phase is almost exclusively built by the PS blocks (bright domains in the TEM
micrographs shown in Figure 5.5 whereas the soft-phase consist of the polybutadiene
blocks, partly the tapered block segments and the statistical SB-block sequences
depending on their composition (dark to black domains in the TEM images).
Morphologies with dispersed, small-scale and spherical soft-domains in a continuous
PS matrix lead to materials where the toughness is slightly or moderately improved
over the stiff and brittle GPPS. Symmetrical styrene-rich SBS block copolymers with
sharp block transitions often show such a morphological type.
Good stiffness at moderate impact properties, high transparency and a low tendency
to warp are the characteristic features of such products making them especially suited
for injection moulding.
Highly improved toughness and impact properties at lower stiffness are linked to a
morphology where the soft phase builds co-continuous domains such as cylinders
or lamellae.
For very tough products, such as Styrolux 3G 55, a bi-continuous arrangement of the
hard- and soft-phase was detected that has some similarity with two interpenetrating
networks (gyroid morphology type with predominant rubber phase).
Asymmetrical SBS block copolymers with a polybutadiene content of 25-30%
and broad tapered block transitions and or statistical SB-block segments arrange
themselves in such morphologies in the solid state. These products are mostly used
in extrusion applications where a good blend performance with GPPS is required.

5.6 Morphology of Blends of SB Block Copolymers with GeneralPurpose Polystyrene
Good blending performance is achieved when the long PS-block in the asymmetric
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block copolymer has a chain length, which is higher than the low molar mass fraction
of the general-purpose polystyrene (GPPS).
Upon step-wise blending of GPPS to SBS block copolymers (up to 20-30% GPPS),
the GPPS chains are intercalated into the PS domains built by the block copolymer
and widen them up without breaking the network structure built by the soft domains,
namely, the morphology type does not change. However, upon further addition of
GPPS (>30-40%) the elastomeric network structure is broken up, loosing its coherence
as shown in Figure 5.6. A sharp decline in toughness, a pronounced change in fracture
mechanics from tough to brittle and an increase in scattered light (haze) are the main
consequences.

Figure 5.6 Morphologies of blends of SB block copolymers with increasing GPPS
ratios

The effects of blending SBS block copolymers with GPPS are described in more detail
in the Section 5.7.
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5.7 Characterisation of SBC block Copolymers and Their Properties
in Blends with GPPS
Important criteria for characterising the SBC grades include mechanical properties
that describe toughness and stiffness, together with the level of transparency. Another
significant property of SBC resins is easy blending with a wide variety of polymers.
The blend most frequently encountered uses GPPS, permitting highly cost-efficient
production of transparent sheet and finished products with tailored property
combinations.
In the following section the mechanical, optical and thermal properties of SBC block
copolymers and of their blends with GPPS grades are described. Specific SBC and GPPS
grades are coded (Tables 5.3 and 5.4) and specific examples are given for reference.
GPPS grades are well defined by their combination of flowability (melt volume rate
(MVR) – melt flow rate, and softening temperature (Vicat).

Table 5.3 Grades of general-purpose polystyrene
GPPS grades

MVR 200/5
(ml/10 min)

Vicat A-50
temperature (°C)

Examples:
Polystyrol (Styrolution)

GPPS-1

3

108

158 K

GPPS-2

1.5

108

168 N

GPPS-3

10

88

143 E

GPPS-4

15

95

145 D

GPPS-5

3.4

97

165 H

A general characterisation of SCB grades only by mechanical or thermal properties stiffness and toughness for example - is not sufficient and may lead to misunderstanding.
In Table 5.4 an indicative characterisation by typical properties and applications is
given. Examples for commercial grades and their classification to certain applications
and/or processing techniques were chosen with best knowledge and according to the
current available technical literature and recommendation of the companies named.
The table does not raise a claim of completeness or absolute correctness. Grades
assigned in the same category may differ significantly from each other, in their
individual properties. Product designations and their commercial availability may
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change; beyond that, novel, developmental grades are constantly complementing the
SBC grade ranges of the producers.

Table 5.4 Grades of styrene-butadiene block copolymers
SBC
grades

Characterisation by properties
and applications

Examples:
Styrolux® (Styrolution)
K-Resin® (Chevron Phillips
Chemicals)
Asaflex® (Asahi Kasei)
Clearen® (Denka)

SBC-1

Injection moulding of clear parts
requiring high stiffness and
decent impact

Styrolux 656 C, 3G 46
K-Resin KR01, KR03
Asaflex 805
Clearen 530L

SBC-2

Universal grade for extrusion and
injection moulding with higher
impact, good clarity

Styrolux 684 D, 3G 46
K-Resin KR03
Asaflex 810, 840
Clearen 730L

SBC-3

Sheet extrusion in blends with
GPPS for thermoforming, blown
film and chill roll extrusion

Styrolux 693 D,
K-Resin KR05, KK38, DK11
Asaflex 825, 830
Clearen 780F

SBC-4

Sheet extrusion with highest
efficiency in blends with GPPS
for thermoforming and blown
film extrusion

Styrolux 3G 55
K-Resin XK41, XK44
Asaflex 840, 845
Clearen 730L

SBC-5

Shrink and label films with high
transparency and gloss, good
printability

Styrolux HS 70, Styrolux T&S
K-Resin RK54
Asaflex i-100
Clearen 511L, 631 M
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5.7.1 Mechanical Properties
The SBC product ranges (Table 5.4) include grades with various combinations
of stiffness and toughness. Stiffness of the products usually reduces as toughness
increases. Values for modulus of elasticity (stiffness) and tensile strain at break
(toughness) – determined from the tensile test – are important parameters for these
properties.
Stiffer products with higher modulus such as Styrolux® 656 C (Styrolution) or
K-Resin® KR-01 (Chevron Phillips Chemical) are mainly suitable for injection
moulding applications (SBC-1). The amounts of GPPS blended with these grades are
generally very small or zero. Tough to very tough grades such as Styrolux® 684 D,
Styrolux® 3G 55 or K-Resin® KR-03, K-Resin® KK-38 are mainly used in extrusion
to give films or thermoforming sheet, since this is where homogenous blending with
GPPS is a prime requirement (SBC-2 to SBC-4).

5.7.1.1 Stress-strain Performance
The stress-strain graph (Figure 5.7) to ISO 527 [4] illustrates the performance of
SBC grades compared with GPPS for short-term, single-axis, tensile stress and low
deformation rate.
Alongside stiffness and toughness, the stress-strain curve here also gives the yield
stress and fracture energy, which is the area under the stress-strain curve.
GPPS typically has a steep, almost straight-line curve and fractures after very slight
deformation even before reaching the yield point. This characterises GPPS as a stiff
and dimensionally stable, low-extensibility material with high tensile strength and
low tensile strain at break.
In contrast, the SBC grades curve has a flatter gradient, meaning lower stiffness. Once
the yield point has been reached there is no rise in stress as tensile strain continues
to increase. Instead necking is observed and deformation zones migrate up to the
shoulders of the tensile bar. This very distinct deformation behaviour leads to fracture
as tensile strain increases further after completion of the yielding. This type of curve
is characteristic of very tough materials. Because SBC-4 grades have lower stiffness
than SBC-1 materials the stress values on the curve is lower.
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Figure 5.7 Stress-strain diagram for SBC-1, SBC-2 and GPPS measured by the ISO
527 tensile test [4]

5.7.1.2 Stiffness in Blends with GPPS
SBC is very often blended with GPPS for practical applications. As GPPS content
increases, the effect on stiffness (Figure 5.8) is an almost linear rise in modulus of
elasticity or yield stress. This is particularly desirable for extrusion applications.

5.7.1.3 Impact Strength
The Charpy (ISO 179-1 [5]) flexural impact test carried out on test specimens of the
tougher SBC grades produces fractures only if the specimens have been previously
V-notched (ISO 179-1/1eA).
Flexural impact parameters determined on injection moulded test specimens are
higher than those for low-orientation specimens, because the direction of stress is
identical to the preferential direction of orientation. Therefore, the flexural impact
test is mainly used for comparative evaluation of product toughness.
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Figure 5.8 Stiffness of SBC/GPPS blends; modulus of elasticity measured to ISO
527 [4]

5.7.1.4 Toughness in Blends with GPPS
In contrast to stiffness, the toughness of the SBC/GPPS blends is reduced when GPPS
is added. The sequence of toughness reduction in blends is the same as that for pure
SBC products. This reduction in toughness can also be described using the tensile
strain at break obtained from the tensile test (Figure 5.9).
The sharp reduction in tensile strain at break when GPPS content in the blend is more
than 40% can be clearly seen. In this case local necking in combination with a welldefined yield point can be observed, but little or no migration of the deformation zone.
This deformation is usually accompanied by pronounced stress-whitening. Blends
with less than 20% of SBC show hardly any improvement in tensile strain at break.
Tensile strain at break in the extrusion direction is generally relatively low, a
consequence of orientation of the rubber phase in SBC. The lamellar morphology of
SBC in blends with GPPS parallel to the direction of extrusion reduces the amount
of additional strain available on stretching in that direction. Depending on the SBC
grade, blends of 30% to 70% of SBC with GPPS have proven successful in most
extrusion applications.

95

Practical Guide to Structures, Properties and Applications of Styrenic Polymers

Figure 5.9 Tensile strain at break as a function of GPPS content in SBC-4;
measured on 1 mm extruded sheet to ISO 527 [4]; parallel = in extrusion direction;
transverse = transverse to the extrusion direction

5.7.1.5 Multi-axial Impact Strength – SBC and High-Impact Polystyrene
Stress under practical conditions is much more likely to be multi-axial – with no
preferential direction – rather than mono-axial. The automated ISO 6603-2 [6]
penetration test relates to this situation, with central impact on a flat surface – of an
extruded sheet or injection moulded plaque, for example.
The fracture energy is the area below the force-displacement curve, and this shows
that toughness is markedly higher for SBC grades than for comparable grades of
high-impact polystyrene (HIPS) (Figure 5.10).
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Figure 5.10 ISO 6603-2 [6] penetration test on disks (1 mm thickness) for SBC-2
compared to HIPS

5.7.1.6 Puncture Resistance on Sheets Made from SBC/ GPPS Blends
Like tensile strain at break (see Figure 5.11), puncture resistance as a function of SBC/
GPPS blending ratio reduces with increasing GPPS content. Figure 5.11 shows this
fracture behaviour for 1 mm sheet made from SBC-3/GPPS blends. Here it is clear
that the oil-containing polystyrene grade (GPPS-3) give higher toughness.

5.7.1.7 Influence of Blend Components
The mechanical properties of blends are affected both by the SBC used and by the
GPPS grade used.
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Figure 5.11 Penetration energy as a function of GPPS type and content to ISO
6603-2 [6] measured on 1 mm sheet

5.7.1.8 SBC Grades
The variation in properties of SBC/GPPS blends reflects the reduction in stiffness and
associated increase in toughness within the SBC product lines. SBC-4 grades have
particular toughness efficiency properties in blends with GPPS.
When comparison is made with conventional grades, such as SBC-3, the content in
terms of the amount of SBS used can be reduced by up to 25% in blends with GPPS.

5.7.1.9 GPPS Grades
GPPS containing lubricant (GPPS-3 or GPPS-5) give higher toughness values than
oil-free GPPS grades such as GPPS-1 or GPPS-2).
Sheet toughness can be raised further by using a lubricant-modified PS grade with a
relatively high molecular weight such as GPPS-5, giving the relative values shown in
Figure 5.12 for the a sheet made from SBC-3 and GPPS blended in a ratio of 40:60.
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Figure 5.12 Influence of polystyrene grade on toughness of sheet made from SBC-3
and GPPS (blending ratio 40:60; measured to ISO 527 [4])

The toughness and transparency properties of the sheet here generally vary in opposite
directions, so although sheet produced using GPPS-5 is tougher at the same blending
ratio, a slight loss of transparency has to be accepted due to its reduced compatibility
with SBC.

5.7.2 Optical Properties of SB Block Copolymers and their Blends with
GPPS
Excellent transparency is one of the key properties of SBC products. The gloss of
mouldings made from SBC grades is also high, and is comparable with that of GPPS.
Two physical variables describe transparency: light transmission and haze.
Transmission measures the intensity of light passing through a test specimen after
taking into account reflection losses at the two surfaces. Haze is the proportion of
light scattered by more than 2.5° from the incident direction on passage through a
test specimen.
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5.7.2.1 Transmission and Haze
All SBC grades have very good light transmission of about 90% in the visible region
(400-800 nm). Haze rises slightly as the toughness of the products increases.

5.7.2.2 Blends made from SBC and GPPS
The transparency of blends made from SBC and GPPS depends on the grade, the
blending ratio, the GPPS grade, and the homogeneity of the blend.

5.7.2.3 Blending Ratio
The content of the two components has a particular effect on sheet transparency.
The approximate parabolic function (Figure 5.13) has a minimum where the SBC/
GPPS blending ratio is about 40:60. Other blends have increasing transparency. The
relative position of the transmission values is determined by the GPPS grades used.
Haze values likewise follow an approximately parabolic curve with increasing content
of SBC; this time with a maximum at a 40:60 SBC/GPPS blend.

Figure 5.13 Transmission of SBC as a function of the GPPS type and content,
measured on sheet of thickness 1 mm to ASTM D1003 [7]
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5.7.2.4 GPPS Grades
Oil-free GPPS grades (GPPS-1) give higher transparency in blends with SBC grades.
Although toughness increases with oil-containing grades at the same blending ratio,
transparency is slightly reduced.

5.7.2.5 Homogeneity
Inhomogeneity reduces the transparency of SBC/GPPS blends. Good mixing
performance by the extruder is an important precondition for the production of
high-quality sheet and high-transparency injection mouldings without flow streaks.

5.7.3 Thermal Properties of SB-block Copolymers and their Blends with
GPPS
The heat distortion resistance of parts made from SBC depends on the manufacturing
conditions and on the nature and duration of thermal stress to which the material
is subjected.
SBC grades with higher toughness have lower heat resistance. Average deflection
temperatures of about 70-80 °C are achieved for short exposure to heat with no
external load.
In most applications, SBC grades are processed in a blend with GPPS. Mechanical and
optical properties, and also thermal properties, depend on the mixing ratio and on
the GPPS grade used. For example, heat resistance of blends of SBC grades and GPPS
rises linearly with GPPS content. Higher Vicat values can be achieved with oil-free
GPPS grades than with oil-modified grades (Figure 5.14). Average linear coefficient
of thermal expansion for SBC grades is in the range from -20 °C to +70 °C is 80 104
/K, and thermal conductivity is similar to PS at 0.15 to 0.17 W/mK.
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Figure 5.14 Vicat Softening temperatures of blends of SBC-2 and GPPS-1 (high
heat), GPPS-3 (high flow; oil containing)

5.7.4 Rheology
SBC show good flow performance (see Figure 5.15). The recommended processing
temperature range of 200-240 °C should not be exceeded, otherwise crosslinking can
occur, resulting in haze, streaking and gel formation. A specific stabiliser system gives
most SBC grades excellent thermal stability and thus a low fish-eye level.
Crosslinking can be measured via extrusion pressure at a range of temperatures
(Figure 5.16). However, these data do not provide a good guide to residence times
or melt temperatures for processing purposes.
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Figure 5.15 Viscosity of SBC as a function of shear rate at 220 °C

Figure 5.16 Thermal stability test on SBC-3 as function of temperature

103

Practical Guide to Structures, Properties and Applications of Styrenic Polymers

5.7.5 Permeability
Compared with other plastics, SBC resins have very high permeability to gases and
vapours (Figure 5.17 and Figure 5.18). This has to be considered for example when
packaging contents with strong odour or flavour.
Changes in the packaged product can occur due to outward diffusion of aroma
components or ingress of oxygen. However, this very high permeability of SBC resins
can also be extremely useful for fresh-food packaging. An example – in packs for
fruit and vegetables SBC permits exchange of gases and moisture with the immediate
environment so that natural ripening processes can continue.

Figure 5.17 Water vapour permeability of various plastics

5.7.6 Ageing
SBC resins have effective stabilisation to inhibit ageing on exposure to oxygen and
high temperatures. In diffuse light, parts made from SBC retain their optical and
mechanical properties for many years. However, in outdoor applications the material
can be degraded by the high energy proportion of sunlight, resulting in yellowing
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and deterioration of mechanical properties. SBC resins are not recommended for
outdoor applications. The time to onset of yellowing can be considerably prolonged
by using UV stabilisers.

Figure 5.18 Oxygen permeability of various plastics

5.7.7 Chemical Resistance and Stress Cracking Resistance
SBC resin is resistant to water, alkalis and dilute mineral acids, and also to aqueous
solutions of most salts. It is solvated or dissolved by organic solvents, in particular
chlorinated and aromatic hydrocarbons, esters, ethers and ketones. Concentrated
sulfuric acid and powerful oxidising agents – such as nitric acid – also attack SBC. If
parts made from SBC come into contact with other fluids, resistance should be tested.
Substances, which generally promote stress cracking in PS, for example, fats and
oils based on unsaturated fatty acids, can also damage SBC parts. The extent of
damage depends on the type of processing used, and on the external stress to which
the mouldings are exposed. When blends of SBC resins and standard PS are used
with fluids that cause stress cracking, the best possible compromise has to be devised
between mechanical properties and stress cracking resistance.
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5.7.8 Organoleptic Properties
SBC resins have been used successfully for many years as a packaging material in
the food sector. However, before these materials are used to pack flavour-sensitive
foods it is advisable to test for organoleptic effects. Sealed containers are usually not
recommended but co-extruded composites with amorphous polyethylene terephthalate
(PET), for example as a barrier layer have proved to be practical when packaging
products contain oils or fats.

5.7.9 Sterilisability
SBC resins can be sterilised either with high-energy radiation (γ- or β-radiation) or
with ethylene oxide (ETO). SBC retains most of its mechanical properties during
this process.

5.8 Processing of SB Block Copolymers and their Blends with GPPS
5.8.1 Injection Moulding
Universal screws with a diameter length of 16 D to 20 D are suitable. The pitch along
the entire length should be constant at a value between 0.8 D and 1 D.

5.8.1.1 Injection Moulding Tools
The shaping tool surfaces have a great influence on the transparency and gloss of
the injection moulded parts. The tiniest flaws on the tool surfaces are reproduced,
as a result of which high-gloss and polished surfaces are recommended. Care should
be taken to ensure that the draft is at least 1°. For the mould parting surfaces, a
compromise should be sought between a tight seal – for the eventuality of flashes –
and sufficient venting.
The tool surface temperatures should be set between 20 °C and 50 °C, depending on
the grade of SBC®. Too low a temperature can give rise to streaks and flow marks.
Too high a temperature leads to adhesion, which also causes cracks or fissures. Here,
mention should be made once again of the polish in the demoulding direction in order
to effect the best possible demoulding.
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5.8.1.2 Processing Instructions
Generally speaking, a low ratio of the barrel contents to the shot volume, a low
rotational speed of the screw and working with little or no back pressure are
advantageous.
For short production downtimes, it is usually sufficient to lower the melt temperature
and then to pump off the melt; at the end of longer pauses, in contrast, it is
recommended to flush with a high-viscosity GPPS grade.
The melt temperatures should not exceed 250 °C, and the residence time in the cylinder
should not be too long. An injection time that is as high as possible is a decisive factor
for the optimal transparency and brilliance of injection moulded parts. Here, a slight
loss in toughness will have to be accepted.
Any commonly employed type of gate, also hot runner systems, can be used. With
a hot runner system, the configuration must be such that no localised overheating
(T > 250 °C) can occur. Adequately dimensioned runners and gates prevent thermal
overloads.

5.8.1.3 Feed Characteristics
The feed characteristics of SBC grades are not problematic. It is best for the
temperature gradient from the hopper to the tip of the screw to rise slightly. The
cross head must be cooled.

5.8.1.4 Flow Characteristics
The flow test using the test spiral at thicknesses of 1 mm to 2 mm reveals an almost
linear dependence of the flow lengths with the melt temperature. At a wall thickness
of less than 1 mm only very short flow distances are possible since the flow resistance
rises disproportionally as the wall thickness decreases. Melt temperatures of more
than 250 °C cause crosslinking of the material, and consequently the flowability drops
once again. The onset of crosslinking is also indicated by turbidity and yellowing.

5.8.1.5 Demoulding
Owing to its morphology, SBC grades adhere more strongly to steel surfaces than
HIPS. Therefore, it requires a greater force in order to overcome the static friction
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during the first phase of de-moulding. It is helpful to select a high injection pressure
and back pressure. Due to the high compressibility of SBC grades, the part is slightly
compressed. Following pressure relief, the part relaxes and is easier to release from
the core. Excessive injection pressure and back pressure cause greater deformations in
the part. A possible consequence after the pressure relief is that the part could become
jammed in the mould cavity. This should be optimised by means of experimentation.
In comparison to GPPS and HIPS, the lower dimensional stability and softening
temperature of SBC mean that the cooling times, and, hence, the cycle times, will be
longer, even in the case of intense cooling. The demoulding behaviour can also be
improved by adding appropriate additives or batch concentrates offered by different
companies.

5.8.1.6 Shrinkage
The shrinkage values of SBC grades lie between 0.3% and about 1%. They are the
lowest parallel to the direction of flow, somewhat higher transversally to the direction
of flow near the gate and highest far away from the gate. The shrinkage and the
shrinkage differences can be influenced by regulating the melt temperature. High
melt temperatures yield lower shrinkage values and smaller differences between the
positions near and far away from the gate. The temperature of the tool surface and
the injection speed are less decisive for predicting the shrinkage.

5.8.1.7 Compressibility and Warpage
SBC is considerably more compressible than HIPS. This is why centrally gated
rectangular parts can exhibit larger internal stress differences between the shortest
and the longest flow distances. In conjunction with the lower dimensional stability,
the moulded parts can undergo warpage even hours after demoulding.
Since there is a direct relationship between the warpage and the modulus of elasticity,
a SBC grade with a high modulus of elasticity should be selected for parts where the
aspect of warpage is critical (SBC-1).

5.8.2 Extrusion and Co-extrusion of SBC/GPPS-blends
In extrusion processing, particularly the tough SBC grades in blends with GPPS are
extruded to form films and then thermoformed into dimensionally stable finished
parts. The mechanical and optical properties of the film and of the deep-drawn parts
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are determined to a large extent by the SBC grade, by the mixing ratio and by the
GPPS type.
The biaxial stretching during the thermoforming considerably increases the toughness
of the finished parts, therefore, highly stretched parts such as, for example, beverage
cups can be successfully manufactured with high contents of GPPS (>50%).
Blends containing 50% to 80% SBC have proven their worth for the majority of
thermoforming applications. Therefore, efforts should be aimed at optimising the
homogenisation of the components, and this is achieved by a good mixing action
of the screws used. Here, the viscosity of the GPPS component in the blend plays a
role, it should preferably be close to the viscosity of the SBC grade and it should lie
in the MVR range of 3 to 15 cm3/10 min.

5.8.2.1 Pre-Drying
As a rule, the SBC granules do not have to be pre-dried. However, in the event of
unfavourable storage or transportation conditions involving severe temperature
fluctuations, moisture can condense on the surface of the granules and this then has
to be removed in a pre-drying step. The granules should be pre-dried in a dry-air
dryer for three to four hours at a temperature of about 50 °C.

5.8.2.2 Extruder and Screw Geometry
SBC grades and blends with GPPS can be processed on all conventional extrusion
installations that are also suitable for HIPS, polyethylene (PE) or polyvinyl chloride
(PVC). A high length to diamteter (L:D) ratio is advantageous for the homogenisation
and for reducing the sensitivity to pressure fluctuations. However, with an eye towards
keeping the residence times short, this ratio should not be too large either. As a rule,
L:D ratios between 24:1 and 36:1 meet both of these requirements.
Vented extruders are recommended for the production of high-quality packaging
films. They permit the extraction of volatile components and moisture from the melt
as well as the removal of entrapped air.
Screws with medium compression ratios (2.5:1 to a maximum of 3.5:1) have been
found to be optimal, that is to say, universal screws [PE, polypropylene (PP)] can
also be employed. Excessively high shearing elements (barrier zones, shear sections),
however, can cause damage to the product (crosslinking, gel specks). Generally, the
use of a melt pump is recommended.
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5.8.2.3 Flat Film Extrusion Dies and Polishing Stacks
Chrome-plated and polished flat film extrusion dies with an adjustable die gap (flex
lip) and choke bars are recommended, and the die gap should be set at +5% to +10%
above the desired film thickness in order to minimise orientations in the film. The line
speed should be set in such a way that the melt bead in the nip between the polishing
rolls remains very small. Otherwise, if a larger melt volume were fed in, there would
be a risk of the formation of waves and other visible surface flaws. Optimal roller
temperature control is important for purposes of attaining high quality in terms of
the transparency, gloss and surface finish of the films. It is recommended to initially
set the first deflector roller at a temperature up to the sticky limit and then to lower
the temperature by 10 °C. For this purpose, the temperature of the polishing stacks
should be regulated individually (up to between 80 °C to 90 °C). Polishing stacks
that are too cold leave markings on the surface.

5.8.2.3.1 Production of Film Reels
When film reels are produced, care should be taken to ensure that the film temperature
is lowered as far as possible, for example, to about the ambient temperature (between
25 °C and 35 °C at the maximum) and that the winding tension is kept as low as
possible. If the films are wound at a temperature that is too high, then the shrinkage
that occurs during cooling causes high tensions in the roll of film. In the worst case,
this can lead to a partial or total blockage of the films. Therefore, if the machines
are operated at high throughput rates or if the lines are operated at high speeds, it is
generally recommended that post-cooling rollers are used.
Recommended temperature profiles for the processing of SBC by means of extrusion
are:
•

Zone 1: 160 to 180 °C

•

Zone 2: 190 to 200 °C

•

Zone 3 to 5: 190 to 200 °C

•

Adapter: 195 to 210 °C

•

Die: 210 to 230 °C

Temperatures above 230 °C should be avoided.
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5.8.2.4 Cleaning the Extruder
In spite of the outstanding stabilisation of most SBC grades, product damage can
occur if there are long residence times in the extruder (dead spots, accumulations
in the mixing section). An indication of this is the greater incidence of gel specks,
which often only appear for a few seconds, but which, nevertheless greatly impair
the film quality.
Such problems require that the extruder be flushed, preferably with GPPS. This
procedure is also recommended when the product is changed or before the extruder
is switched off in order to reduce the thermal stress to the SBC melt caused by the
downtimes.

5.8.2.5 Coextrusion
The special property of SBC grades is that they form a composite with a number of
other plastics even without adhesion promoters, which makes this material a good
choice for co-extrusion. Odour- or taste-sensitive products such as chocolate or foods
with a high fat content are best packaged, for example, with composites having PET
as the cap layer and SBC/GPPS blends as the carrier layer. The PET layer imparts the
composite with a very good stress cracking resistance and increased gas tightness;
composite films having such a structure are odour-proof and neutral in flavour.
Moreover, symmetrical film composites with SBC/GPPS as the carrier layer and
low-density polyethylene (LDPE) or PP as the cap layer, which attains a good bond
without additional adhesion promoters, have been tested under actual processing
conditions. The SBC/LDPE composite combines the excellent surface gloss and the
good shrinkage characteristics of SBC with the high toughness of LDPE.
SBC/PP composites unite the good sealing behaviour and shrinkage characteristics
of SBC grades with the dimensional stability under heat of PP. Furthermore, SBC
multi-layer films with an ethylene vinyl alcohol copolymer (EVOH)/PE barrier layer
have been developed for special packaging solutions (modified atmosphere packaging;
controlled atmosphere packaging).
However, cap layers (top layers) are also often co-extruded in order to improve the
scratch resistance and de-stacking properties. Easy-flowing GPPS grades are especially
well-suited for this purpose. In this context, the GPPS cap layers should be uniformly
co-extruded over the film width at a thickness of not much more than 0.01 mm since
excessively thick cap layers of the brittle GPPS reduces the impact resistance of the
entire composite.
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Cap layers can also serve as carriers of special finishes. For example, it is often both
technically and economically advantageous to co-extrude a thin cap layer of antistatic
agents or UV stabilisers as well as other additives, for example, that enhance the
scratch resistance or the de-stacking properties or that have an anti-blocking effect.
In this case, the carrier material for the cap layer can be the same as that of the core
layer, or else it can have a different composition.

5.8.2.6 Problem Areas: Film Blocking and Unsatisfactory De-Stacking
Properties
The SBC-3 and SBC-4 type extrusion grades are often offered with an additive system
that markedly reduces the blocking of film reels.
The already recommended high roller temperatures also activate the additive system
that migrates to the surface, where it forms a very thin film. This film, however, can
be a hindrance if the films are going to be printed on or decorated, which is why
a corona treatment might be needed after extrusion or, if applicable, immediately
before printing.
For processing problems that can be ascribed to the blocking of film reels or to
unsatisfactory de-stacking properties of deep-drawn parts, that cannot be solved
satisfactorily through our processing recommendations alone, the SBC producers or
other providers offer suitable additive batches.

5.8.3 Thermoforming
Thanks to their broad thermo-elastic range, panels and films made of SBC/GPPS blends
are particularly well-suited for thermoforming and very high deep-drawn ratios can
be achieved. The thermoforming temperatures should lie between 120 °C and 150
°C. The machine tool accessories as well as the adjustment of the infra-red radiant
heaters or ceramic band heaters and the achievable high cycle times correspond to
those that are customary for the thermoforming of GPPS/HIPS blends. To obtain
highly transparent moulded parts without markings and streaks, the following should
be observed:
•
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or excessively narrow radii and generally speaking, a draft of at least 3° is
recommended.
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•

The thermoforming tools are made of highly polished aluminum and should be
well vented. The temperature of the tools should preferably be set between 20
°C and 60 °C, preferably at 40 °C. Uniform temperature control and especially
cooling are required to produce dimensionally stable moulded parts without
warpage.

•

The assisting plunger and the top plunger should be made of syntactic foam,
polysulfone or polytetrafluoroethylene in order to avoid markings on the inner
wall of the moulded part.

5.8.4 Printing and Decorating
Films or deep-drawn parts made of SBC/GPPS can be printed on with the colorants
normally used for styrene plastics. Occasional problems of insufficient colorant
adhesion can occur due to blooming of the anti-block additives or waxes. Therefore,
it is recommended that surface treatments by oxidation such as corona treatment,
plasma treatment or flame treatment be carried out whenever possible immediately
before the printing since, as a rule, the wax additives tend to continue to migrate.
This phenomenon of blooming depends to a great extent on the storage conditions.

5.8.5 Brown-film Extrusion
As a starting point into the realm of blown film extrusion, we recommend designated
SBC grades (SBC-2 or SBC-3) in view of their high melt stability. The film properties,
also in the case of thin films, depend on the SBC grade, on the GPPS type – here,
primarily the easy-flowing types are used – and on the mixing ratio; any differences
in transparency are practically negligible at film thicknesses of 10 µm to 100 µm. For
most applications, mixing ratios between 70% and 100% SBC have proven their
worth. The melt temperature is of great relevance for the production of high-quality
films - under no circumstances should it exceed 220 °C.
Typical processing conditions for SBC grades are as follows:
•

Feed: 140-160 °C

•

Melt zone: 160-180 °C

•

Metering zone: 160-180 °C

•

Die: 160-180 °C

•

Melt temperature: 170-200 °C
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•

Blow-up ratio: from 1:1, 1 up to 1:3.0

•

Distance between die and nip-rolls (depending on throughput and film thickness):
2.00 to 4.00 m; film thickness: 10-250 µm

The dies should be configured in such a way that they do not have large melt volumes
or dead spots. The cross section of the channel tapers towards the die gap. Preference
should be given to air cooling rings with a mounted iris diaphragm since they improve
heat transfer. A small distance (4 mm to 5 mm) between the die and the lower air
cooling ring lip is advantageous for the film bubble stability. In order to prevent the
occurrence of creases, SBC tubes should be laid flat at a temperature of 50 °C to 60
°C. A rotating takeoff/winding combination or a rotary extruder create SBC reels that
are free from hoops, and a short film path between the take-off unit and the centre
winder is always advantageous.
The mechanical properties of the film are determined to a great extent by the blow-up
ratio and the take-off speed. Thus, the elongation at break and the tensile stress at
yield in the lengthwise and crosswise directions rise as the blow-up ratio increases.

5.8.6 Blow Moulding
Under continuous extrusion, SBC grades can be processed into blow-moulded parts
having a length of up to about 500 mm. Striking aspects here are the smooth, brilliant
surface and the uniform and good transparency.
The melt temperature should be between 180 °C and 190 °C. Here, too, care should
be taken to ensure that the flow channels of the film-blowing die do not have any ‘dead
spots’ and that they are not configured too large. It is recommended to use centre-fed
film-blowing dies dimensioned for rigid PVC. The film-blowing dies should have a
polished surface provided with venting slits of the type employed for PP. The pinch-off
areas can be designed in the same way as for processing high-density polyethylene.
Blends with GPPS are possible up to a proportion of about 30% if one is willing to
accept a certain reduction in the crystal clarity.

5.8.7 Recycling
SBC waste generated during processing such as, for example, edge strips or web
scrap, can be returned to the process after a simple grinding step and thus re-utilised
for the same application. Consequently, hardly any production waste is created that
would then have to be disposed of properly.
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SBC grades belong to the group of particularly processing-stable styrene plastics and
can be processed several times with GPPS as well as with HIPS.
When used articles such as, for example, disposable packaging, are recycled, SBC
can be admixed to the melt stream of PS and it even improves the toughness of the
recycled material.

5.9 Applications of SBC Polymers
Styrene-butadiene block copolymers are in high demand for a huge variety of
applications where a high clarity, excellent impact toughness, surface gloss and ease
of processing is required. SBC still offer favourable economics over other transparent,
non-styrenic alternative materials. Rigid packaging still accounts for more than half
of the SBC sales volume worldwide.
Besides disposable rigid parts, flexible packaging applications have also shown
significant growth in various fields, especially in the shrink film and labelling sector.
The third field of use is injection moulding, led by applications in the area of medical
devices but also in the cost-effective manufacturing of garment hangers.

5.9.1 SBC Resins for Transparent Packaging with High Dimensional
Stability
A combination of high transparency and brilliance with good toughness is one of the
key features that have helped SBC resins to gain an essential place in the market for
transparent food packaging over the last four decades (see Figure 5.19).
The main advantage for converters is the good miscibility of SBC with GPPS, which
allows properties to be specially customised for the target application. The exceptional
properties of this material are particularly valuable in extruded and thermoformed
food packaging with high dimensional stability such as drinking cups (see Figure 5.20),
salad trays, deli trays or lunchboxes with lids and film hinges.
With application-specific blends of SBC and GPPS, it is possible to obtain the optimum
ratio of rigidity to toughness for the appropriate application. Blending with GPPS not
only enables specific mechanical properties but cuts costs at the same time.
Optimised property combinations are particularly important for the large food
packaging market.
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Figure 5.19 Examples of thermoformed food packaging with high dimensional
stability

Figure 5.20 Drinking cups made from SBC/GPPS-rich blends
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Beside material properties in the narrow sense as the low-density of SBC resins
in comparison to other transparent materials such as polyesters (polyethylene
terephthalate) or PVC accounting for 25-30% yield advantage, there are also costs
benefits coming from the processing of SBC/GPPS blends.
The material can be processed without pre-drying on nearly all currently used
machinery. High output rates in extrusion, fast cycles in injection moulding and
exceptionally good thermoforming behaviour ensure high productivity.
Such versatility allows the packaging designer to optimise consumer appeal without
sacrificing performance and economy. Consumers are placing increasing emphasis on
attractive visual presentation of food and attractive display is particularly beneficial
for food products and their packaging is therefore a major application for SBC.
Most commercial SBC grades meet the FDA and EU specifications for plastic material
intended for food contact, nevertheless regulatory compliance does not assure product
compatibility. Each application should be tested under representative conditions to
assess interaction with packaged food products. Longer storage duration and elevated
storage temperatures for example may increase packaging incompatibility.
Since the package must preserve the appearance and quality of the food, however,
certain combinations of food type, packaging and storage conditions may prove
undesirable for functional reasons. The ultimate test for suitability of SBC/GPPS blends
in a specific food package is the evaluation of the food product for its taste and odour,
as well as the package for its performance, after representative storage conditions.

5.9.1.1 Permeability
Since water permeates through a container made of SBC polymer at a relatively high
rate (~ 10%/year), such containers may not be suitable for long-term packaging of
many aqueous products. Moisture vapour and oxygen permeation through SBC
packaging items are also relatively high which may restrict its use in certain long-term
packaging applications. For some types of products, however, high moisture vapour
transmission may be desirable to reduce condensation of moisture in the package.
For packaging fresh food such as chopped salads or prepared mixed leaf salads, the
high gas and water vapour permeability of the SBC resin does indeed play a key role
(see Figure 5.21). Some food products even require oxygen to maintain their colour
and high oxygen permeation could be advantageous in their packaging.
On the other hand, if the food product requires high barrier properties instead
of permeability, SBC/GPPS blends can also be used. A good example is pasta or
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cheese packaging, where the trend is towards transparent barrier composites. In
such applications, co-extruded multi-layer sheet systems comprising SBC/PS blends
with other thermoplastics, having very low transmission rates such as EVOH,
polyvinylidene chloride copolymer or polyamide, have proved successful. In such
sheet systems SBC/PS blends often provide transparency and the required durability
for the packaging.

Figure 5.21 SBC ‘breathable’ wrap film for packaging of tomatoes

5.9.1.2 Chemical Resistance and Stress Cracking Resistance
Food products can be analysed in terms of their chemical nature. Obviously the
combinations of chemicals present in different food products must not attack the
package. Water and water-based products or powdered and granular substances do
not chemically attack SBC/GPPS but most organic solvents such as alcohols, esters
ethers and ketones dissolve or at least soften SB block copolymers. Most oils also
affect SBC polymers, but the rate and severity of their effects are highly dependant
on storage conditions.
As with most polymers, containers made of SBC resins will crack when stressed beyond
its limits, especially when its moulded geometry concentrates stress or it contacts
certain chemicals. Such chemicals include the fats and unsaturated oils, which are the
greatest stress crack accelerators, present in many foods. Stress cracking is heavily
dependent on three factors: the type of container, food type and moulded-in stresses.
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5.9.1.3 Organoleptics
To retain the quality of the food product, the packaging must not induce a detectable
change in the taste, aroma, colour or consistency of its contents. Of these criteria, taste
and odour are probably the most sensitive to consumer acceptance and regulatory
concern.
Among the major constituents of food products, fats and oils are often the most
susceptible to acquiring odour and taste because so many organic chemicals are
soluble in them. Fatty foods are therefore quite susceptible to product alterations and
their long-term packaging in SBC/GPPS containers requires storage testing and is not
typically recommended. Non-fatty foods are less prone to odour and taste alteration.
Residual volatiles in SBC resins are usually present at such low levels that normal
usage raises no safety or health problems. Nevertheless, those minute traces may,
under some conditions, affect the odour and taste of certain sensitive foods even
when present in extremely low quantities.
Since residual volatiles in GPPS can contribute to the odour or taste of the packaged
food product, SBC resins should be blended with GPPS grades having low residual
content of styrene monomer. Based on several migration studies SBC polymers
do exhibit a low, but detectable, level of overall migration into fats and oils at
temperatures well above 40 °C. Therefore, SBC and SBC/GPPS blends should not be
used in packaging items for long-term storage of fatty foods above room temperature.
On the other hand, storage tests below room temperature indicate that migration
is extremely low. Under refrigerated conditions (< 6 °C) for example, SBC or SBC/
GPPS blends may prove suitable for packaging of fatty foods even over extended
time periods.
As we have seen, organoleptic effects are highly dependent on time and temperature.
With immediate use containers, such as water, soft drink or ice cream cups that are
filled and served for immediate consumption, it is very unlikely that product alteration
will occur, because of the short residence time of the product in the container.
A well proven measure to enhance the performance of food packaging items made
of SBC/GPPS blends to organoleptics, fat resistance and stress crack resistance is
again co-extrusion: thin cap-layers of e.g., PET protect the SBC substrate from being
attacked by fats and can preserve the odour and taste of very sensitive foods. A special
bonding layer is not required for the co-extruded SBC structure provided that the
PET cap layer is very thin (< 0.025 mm).
Besides the food packaging sector, industrial packaging such as blister packs and
high-quality transparent display packaging as already used for medical devices,
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cosmetics and consumer electronics can also be produced cost-effectively by utilising
the properties of SBC/GPPS blends.

5.9.2 SBC Resins for Flexible Packaging – Shrink Films
Thin SBC films, as well, help to increase shelf life and attractiveness of foods such
as fresh vegetables and ready-to-eat salads (see Figure 5.22). Advanced SBC grades
today have very low levels of gels (fish eyes) and superior thermal stability that is
needed to ensure reliable production of high-quality thin films, which may be either
monolayer films or complex co-extruded multi-layer barrier composites as described
in Section 5.9.1.
Other application sectors encompass twist films for packing and wrapping (candy
wrap; see Figure 5.23), envelope windows films and as a cast film SBC materials
are suitable as well for lidstock applications which demand heat sealability to
many different materials and heat resistance. In addition, SBC may be processed on
extrusion lamination and coating equipment to produce multi-layered structures for
the replacement of paper and foils.

Figure 5.22 Breathable SBC films for packaging of vegetables
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Figure 5.23 Candy wrap film (SBC-PE composite) with twist fold

In addition to transparency and a good balance of stiffness and toughness, particularly
important requirements in flexible packaging are puncture resistance, printability and
high ultimate heat shrinkage. Heat shrinkage, has gained more and more attention in
research and developmental activities in the last few years. Looking at innovations
in the field of SBC materials one could state that research is mainly focused on the
synthesis of ‘memory’ materials and mixtures of different SBC block structure types.
This concentration on the development of novel SBC grades with optimised shrinkage
behaviour becomes understandable and conclusive looking at the fast growing market
for shrink film and sleeves (see Figure 5.24).
The current global market volume of more than 3.5 million m2 of film and projected
growth rates of around 6-8% in the coming years means that heat shrinkable films
constitute an extremely attractive segment of the packaging market for consumer
goods. Today more than 80% of the shrink films go into upscale sleeve packaging
for food such as dairy products, soft drinks and alcoholic beverages. Aside from
this, more and more household articles, cosmetics and pharmaceuticals are being
packed in sleeve films. The driving forces behind this dynamic evolution in terms of
product differentiation and branding as well as the desire for ever more sophisticated
presentations of the final-consumer products on the shelves (point-of-sale).
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Figure 5.24 SBC shrink sleeves for attractive decoration of bottles

But regulations – which vary from one region to another – concerning the product
information are also raising expectations in terms of the printing quality and the visual
appearance of packaging with shrink sleeve films. Additional benefits are provided
by special, integrated functionalities: completely shrink-wrapped packaging provides
protection against manipulation such as unauthorised opening (tamper evidence). In
the final analysis, shrink films are a very cost-effective alternative to directly printing
on bottles and they allow a wide variety of looks along with the standardisation of
the containers, which further cuts costs.
There are still three major options in shrink film resins: PVC, PET and oriented
polystyrene (OPS), beside the relatively newcomer polylactic acid. PET shrink films
are coming on strong, although the markets still seem to be dominated by PVC of
which the primary appeal is cost. Polypropylene (bi-axially oriented) is still considered
a marginal shrink film material with a maximum shrinkage of 20-25% in the machine
direction.
A couple of years ago OPS shrink films were almost exclusively produced in Japan
and imported to Europe or the Americas. Japan-based producers of high-performance
SBC grades for shrink film are Asahi Kasei (Asaflex® i-100) and Denka (Clearen 631).
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Shrink films made from SBC materials are more economical than PET due to their
much lower density and show a much smoother shrinkage rate, nevertheless their
limited dimensional stability requires storage and shipment under temperature
controlled conditions in cooled containers.
This situation has changed considerably over the last years as recent advances at
Styrolution GmbH and at Chevron Phillips Chemical Company have led to the
development of further improved SBC grades (Styrolux® HS 70, Styrolux® T&S,
K-Resin® RK 52, RK 54) for this application which enables local converters and film
manufacturers in Europe and the Americas to produce films and the final printed
sleeves at their sites.
The novel SBC materials stand out especially for their optimised shrinkage behaviour.
The new product designs led to a markedly increase of the ultimate shrinkage of
70-80% in the relevant temperature range of 80-95 °C. Only this high-shrinking
behaviour facilitates form-fitting of packaging items having complex geometries or
large radius differences.
These optimised products also exhibit a steady but not too steep increase in shrinkage
as the temperature rises, thus offering a wide processing window (see Figure 5.25). This
full shrinkage control eliminates the so-called ‘smile-effect’ – wrinkling or folding, for
example, at the neck of odd-shaped bottles for household cleaners (Figure 5.26). This
‘smile-effect’ had been often encountered up to now using shrink film made from PET.

Figure 5.25 Novel SBC grades with optimised shrinkage behaviour
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Figure 5.26 Full shrinkage control avoids the ‘smile-effect’ – no wrinkling at the
neck of bottles

Moreover with the latest SBC developments in this field, for example, Styrolux® T&S,
the storage stability of films could be significantly improved. The latter is determined
by the so-called natural shrinkage that the material undergoes after the stretching
procedure. Ascertained in a three-week storage test at 40 °C these values could be
dropped up to 50% less than with former films and SBC grades.
The new SBC shrink film grades are not only are suitable for transverse stretching
processes (typical for sleeves) but, as so-called ‘machine direction’ (MD) films, they
also yield high-quality products (see Figure 5.27).
Stretching films in the extrusion direction (MD) as is done in band labelling technology
is simpler from the standpoint of the machinery used and is, thus, correspondingly
cheaper. With the roll-on-shrink-On method (ROSO), the film label is wrapped
around the bottle in the form of a band, fixed by glue or by a sophisticated welding
technique and then shrunk onto the bottle under the effect of heat.
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Figure 5.27 Stretching of cast films in transverse machine direction (TD; sleeves) or
stretching in MD (ROSO)

When it comes to the materials, the ROSO method used to be limited almost
exclusively to PP. The low shrinkage of classic PP-MD shrink films, around 20%
at maximum at temperatures up to 100 °C – restricted the use of this method to
bottles with simple shapes. Due to its low shrinkage, a PP-MD film cannot tightly
enough hug the contour of complex shapes that have greatly varying radii; creases
are formed and the band label does not adhere properly. The novel SBC materials
open up completely new perspectives for the MD method.
MD films on the basis of Styrolux HS 70 or of the new Styrolux T&S already attain
their highest shrinkage (typically 45-65%) at lower temperatures. This is why they
lend themselves for shrink-labelling in steam tunnels.
SBC films offer many of the opportunities required to produce high-quality shrink
films with high gloss, good printability, TD shrinkage from 40% to 70% and above
at temperatures below 100 °C. The novel SBC grades are highly competitive in
comparison to PET and other film materials and they complement the material
portfolio for shrink sleeves and - with MD-ROSO films – also expand the possibilities
of making shrink film.

5.9.3 SBC for Injection Mouldings
Another field of use for SBC materials is injection moulding. Here, flowability,
transparency/gloss and fracture resistance play a key role. This combination of
properties gives the material access to applications such as toys, products for medical
devices and pieces of office equipment.

125

Practical Guide to Structures, Properties and Applications of Styrenic Polymers
High quality cosmetic packaging, housing covers or articles for the sanitary sector
benefit from the clarity and, thus, the easy colouring – either in brilliant and
transparent or in opaque shades.
Additional functions, such as integral hinges or snap-fit joints, can also be integrated
into the part (see Figure 5.28).
The stiffer SBC grades such as Styrolux® 656C or K-Resin® KR01 are used almost
exclusively for injection moulding applications and they exhibit significantly higher
impact resistance than GPPS. Those grades provide advantages of higher warpage
resistance, sparkling gloss and clarity and higher surface hardness when compared
to SBC resins with higher toughness.
Another feature that makes SBC resins more economically attractive as compared
to other clear materials is their low-density. SBC materials have a 20-30% yield
advantage over non-styrenic clear resins.

Figure 5.28 Injection moulded, clear boxes with integral hinges (living hinge)
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More importantly, most SBC grades tested for biological performance meet the
requirements of the US Pharmacopoeia (USP Class VI-50), are compatible with blood,
demonstrate no cytotoxic, mutagenic or irritant potential, are not sensitisers and are
sterilisable by gamma irradiation, ETO gas or electron beam irradiation. Hot steam
or autoclave sterilisation is not suitable for SBC resins because of their limited heat
resistance.
For injection moulding, SBC grades with higher toughness can be blended with GPPS
to give higher stiffness and heat resistance but high clarity in the final parts requires
a good mixing performance of the injection moulding equipment used.
Mainly for medical applications but also for toys, cosmetic packaging, housewares and
for a huge variety of other applications, novel blends of SBC resins and transparent
acrylic copolymers consisting of styrene and methyl methacrylate (SMMA, for
example, NAS® 90 by Styrolution) have been developed over the last decade. These
blends show a superior balance of physical properties (stiffness-toughness correlation)
and improved clarity compared with equivalent blends of the same SBC with GPPS.
One of the reasons for the very low haze values originates from the identical refractive
indices of the two blend components, the mechanical properties benefit from the
unique blend morphology. Furthermore, the SMMA component in these blends with
SBC enhances the surface hardness and the scratch resistance of the final parts.
Another big volume market especially in Asia for SBC injection moulding materials
is the garment hanger industry, where dedicated grades such as Styroblend® GH 62
(Styrolution) or K-Resin HG 99 (Chevron Phillips Chemicals) are marketed (see
Figure 5.29).
SBC resins can also be injection blow moulded, without machine modification, into
extremely high-impact bottles with glass-like clarity (see Figure 5.30).
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Figure 5.29 SBC grades for garment hangers

Figure 5.30 Injection stretch blow moulded sport bottles – transparent or opaque
coloured
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New Developments/Outlook

Styrenic polymers – despite their mature character – showed many innovations in
recent years: in production processes, products, applications and business models.
The severe competition amongst styrene polymer producers has led to a consolidation
process, with those companies surviving being best positioned in the market: reliable
suppliers and cost leaders in mature commodities and innovators in small, fast growing
speciality product lines.
By consequent consolidation and strict focus on market needs the styrenics industry
is standing its ground in a market that is constantly driven not only by cost pressure
all along the value chain and by competition amongst styrenics suppliers, but also
against interpolymer substitution.
Innovations in polystyrene comprise the use of post-consumer waste while maintaining
food contact status [1], the improvement of extrusion grades by improved melt
strength via long-chain branches and the introduction of a highly stress cracking
material (ESCRimoTM [2]).
It is not only polystyrene products, but also applications that are subject to innovation.
In food packaging markets, cost pressure is high along the value chain from retailers
over food manufacturers and packaging manufacturers up to plastics producers.
This cost pressure created many innovations, for example the constantly thinner,
seal/peelable transparent packaging for sausages and cheese, which often consist of
eight, nine or more co-extruded layers comprising thermoformable styrenics, oxygen
barrier (such as, polyamide (PA), moisture barrier (for example, specific polyolefins),
seal/peel layers (for example, modified, soft polyolefins).
While processing technology is constantly striving to improve process speed of
partly crystalline polymers – such as polypropylene or polyethylene terephthalate –
faster processing in in-line thermoforming extrusion lines was made possible with
polystyrene. The lack of melt enthalpy and the broader, more benign plastification
behaviour of polystyrene was the reason to set new standards in fast and efficient
processing. Approximately 40 to 50 thermoforming cycles per minute can be achieved
by high speed thermoforming, based on polystyrene.
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Styrene-acrylonitrile (SAN) is now being used more frequently as substitute for higher
value materials such as polymethylmethacrylate (PMMA). In 2011, a special high
heat SAN was successfully positioned against PMMA in automotive applications. An
ultraviolet (UV)-improved version is currently on the way to provide even higher value.
In acrylonitrile-butadiene-styrene (ABS), new developments comprise PMMA/ABS
blends for piano black and glossy TV frames, post-consumer waste containing grades
and other ‘green’ products such as polylactide/ABS blends by Toray [3]. Especially
for the refrigeration industry, Terluran® Nano was introduced to provide highest
efficiency in a commoditised market [4]. Furthermore, many new grades were
developed addressing the needs of markets, such as Novodur® Ultra Grades for high
quality, high heat automotive interior applications, or specially paintable ABS grades
for automotive exteriors.
In acrylonitrile-styrene-acrylate (ASA), new grades for building and construction have
been developed and successfully introduced in the market, for example, for exterior
cladding or for high gloss gutters [5]. Recently, new and improved UV-stabilised ASA
grades have been introduced, showing a quantum leap improvement for achieving
the most sophisticated UV targets possible with today’s ASA [6].
In anionic styrene/butadiene block copolymers, new grades for the fast growing
shrink sleeve market were developed [7]. They combine excellent shrink behaviour
with high transparency and printability.
Just a few examples of other styrenic thermoplastics comprise the development of a
highly colour fast PA/ASA blend (Terblend® S), as well as customised PA/ABS blends
(Terblend® N) with improved flow at very high toughness and good stiffness.
The innovations in styrenic polymers will go on. Functional nanostructures on
polymer surfaces require special grades that replicate nano patterns in the mould
very well. Styrenic polymers are amongst the best suited materials to replicate
these nano patterns. Electrically conductive, online paintable grades with improved
performance are expected soon. New, customised grades will provide improved
metallisation behaviour. And, last but not least, the ever increasing demand for
‘sustainable solutions’ will create products that will deliver high mechanical/optical
value at improved eco efficiency. Of the many approaches we see today in plastics
industry, few truly sustainable solutions will provide real customer value at minimal
resource utilisation. It will be the challenge to styrenic polymers industry to define
exactly those paths providing true sustainability in order to differentiate from less
sustainable solutions.
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A

bbreviations

ABS

Acrylonitrile-butadiene-styrene

AMSAN

α-Methylstyrene and acrylonitrile

ASA

Acrylonitrile-styrene-acrylate co-polymer

BOPS

Biaxially oriented polystyrene

Bu

Butadiene

BuLi

Butyl lithium

CSTR

Continuously stirred tank reactor (s)

CTA

Chain transfer agent

E&E

Electrical and electronics

EB

Ethyl benzene

EPS

Expandable polystyrene

ESCR

Environmental stress cracking resistance

ETO

Ethylene oxide

EU

European Union

EVOH

Ethylene vinyl alcohol

FDA

Food and drug Administration

FFS

Form Fill Seal

GF

Glass fibre
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GF-SAN

Glass fibre reinforced styrene acrylonitrile

GPPS

General purpose polystyrene

HDPE

High-density polyethylene

HIPS

High-impact polystyrene

HS

High styrene

IT

Information technology

L:D

Length:diameter ratio

LDPE

Low-density polyethylene

M-ABS

Mass polymerised acrylonitrile-butadiene-styrene

MABS

Methylmethacrylate-acrylonitrile-butadiene-styrene copolymers

MD

Machine direction

MMA

Methylmethacrylate

Mn

Number average molecular weight

MVR

Melt volume rate

Mw

Molecular weight

NBR

Nitrile-butadiene rubber

nD

Refractive Index

OPS

Oriented polystyrene

PA

Polyamide(s)

PB

Polybutadiene

PBT

Polybutylene terephthalate

PBu

Polybutadiene rubber

PC

Polycarbonate
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Abbreviations
PE

Polyethylene

PET

Polyethylene terephthalate

PETG

Polyethylene terephthalate copolyester with cyclohexanedimethylol

PP

Polypropylene

PPE

Polyphenylene ether

PS

Polystyrene(s)

PVC

Polyvinylchloride

R&D

Research and development

ROSO

Roll-on-shrink-on method

S

Styrene

S-TPE

Styrene-thermoplastic elastomers

SAN

Styrene-acrylonitrile co-polymer

SB

Styrene-butadiene

SBC

Styrene-butadiene co-polymer(s)

SBR

Styrene-butadiene rubber

SBS

Polybutadiene

SMA

Styrene-maleic anhydride

SMMA

Styrene - methyl methacrylate

TD

Transverse direction

TEM

Transmission electron microscopy

Tg

Glass transition temperature

THF

Tetrahydrofuran

Tt

Thermoforming temperature
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UV

Ultraviolet

XPS

Extruded polystyrene
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ndex

α-methylstyrene and acrylonitrile, 58, 60

A
Absorption, 26, 28, 43
Acid, 28-30, 103, 120
Acrylic, 125
Acrylonitrile, 4, 7-8, 10, 31, 43, 53-54, 56-58, 60-62, 64, 130
butadiene-styrene, 8, 10, 43, 53, 56, 130
styrene-acrylate copolymer, 4-5, 8, 57-58, 64-70, 74, 130
Additives, 106, 110-111
Adhesion, 42, 46-47, 104, 109, 111
Ageing, 57, 64, 73, 102
Agents, 5, 28, 42, 54, 57, 84-85, 103, 110
Aliphatic, 28
American Society for Testing of Materials, 98, 127
Amorphous, 3, 7, 32, 36, 56, 104
Analysis, 47-50, 120
Anionic, 3, 5, 8, 15, 19, 77, 80-81, 130
Anionic polymerisation, 19, 77, 80-81
Appearance, 10, 55, 87, 115, 120
Application, 1, 24, 36, 40, 63, 84, 112-113, 115, 118, 121
Aqueous, 28, 54, 61, 68, 103, 115
phase, 54
Aromatic, 28, 61, 68, 103
Asymmetric, 82, 84-85, 87
Atmosphere, 8, 26, 109
Atmospheric, 27-28, 30, 66-67, 72
Autoclave, 125
Automobile, 9
Axial, 24, 94
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B
Backbone, 10
Bacteria, 47
Ball indentation, 69
Band, 110, 122-123
Barrier, 39-40, 46-47, 104, 107, 109, 115-116, 118, 129
properties, 46, 115
Battery, 29, 73-74
Beads, 5, 7, 108
Beam, 125
Beverage, 50, 107
Biaxially oriented polystyrene, 45
Bimodal, 19, 81
Biological, 125
Blend, 8, 11, 17, 20, 36, 84, 87, 89, 93, 95, 98-99, 107, 125, 130
Blending, 36, 84, 87-89, 91, 95, 97-99, 113
Block, 5, 7, 13, 45, 77-91, 93, 95, 97, 99, 101, 103-105, 107, 109, 111, 113, 115117, 119, 121, 123, 125, 127, 130
copolymer, 77, 83, 88
Blocking, 110
Board, 51
Bond, 109
Bonding, 42, 117
agent, 42
Breaking, 13, 88
Brittle, 7, 23, 57, 87-88, 109
Brittleness, 10, 17
Bubble, 112
Building, 2-3, 7-8, 10, 39, 50, 130
block, 7
Bulk, 31
density, 31
Butadiene, 3-5, 7-8, 10-11, 13, 19, 43-44, 53-54, 56, 64, 66, 70, 72, 77-78, 80,
82-84, 86-87, 90, 113, 130
Butyl acrylate, 4, 8

C
Calibration, 42
Capacity, 1, 33, 39, 44, 79
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abcd
abcd
abcd
abcd
a b c d
abcd
a
αβχδ
❁

Index
Carbon dioxide, 27, 46
Carrier, 109-110
Cationic, 15
Cavity, 34, 106
Cellular, 10, 56
Ceramic, 110
Chain, 4, 20, 47, 53-54, 80-85, 88, 129
end, 82
length, 80, 82, 84, 88
transfer agent, 54
Characterisation, 20, 58, 64, 70, 89-90
Chemical, 5-6, 10, 17, 51, 61, 67-68, 79, 85, 91, 103, 116, 121, 127
resistance, 5, 61, 68, 103, 116
structure, 10, 67
Chlorinated, 28, 61, 68, 103
Clarity, 78, 90, 112-113, 124-125
Classification, 89
Clear, 7, 13, 26, 45, 66, 78, 90, 95, 124
Coating, 74, 118
Coefficient, 62, 99
Coextrusion, 47, 109
Colorant, 111
Colour, 11, 20, 33, 55, 60, 67-68, 73, 115, 117, 130
Compatibility, 78, 84, 97, 115
Compatible, 31, 53, 60, 125
Complex, 46, 118, 121, 123
Compliance, 115
Component, 15, 20, 23, 39, 57, 60, 66, 72, 77, 107, 125
Composite, 42, 50, 109, 119
Composition, 11, 32-33, 84, 87, 110
Compound, 34
Compounding, 78
Compressed, 34, 70, 106
Compression, 32, 37, 107
Computer, 2, 9, 73
Concentration, 16, 54, 81, 119
Condensation, 115
Condensor, 37
Conductivity, 99
Construction, 2-3, 7-8, 50, 78, 130
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Consumer, 2, 9, 50, 115, 117-119, 129-130
Consumption, 48, 82, 117
Container, 115-117
Contamination, 31
Contraction, 34
Contrast, 23, 67, 87, 91, 93, 105
Conversion, 18, 82
Cooling, 15, 34-35, 42, 45, 71, 74, 106, 108, 111-112
rate, 45
Copolyester, 47
Copolymerisation, 82-83
Core, 10, 48, 53, 106, 110
layer, 110
Correlation, 125
Cosmetics, 2, 13, 73, 118-119
Coupling, 84-85
Crack, 56, 116-117
Cracking, 7, 19, 28-29, 57, 61, 69-70, 76, 103, 109, 116, 129
Craze, 56
Crazing, 55
Creep, 23, 28-30
Crosslink, 18
density, 18
Crosslinked, 8, 77
Crosslinking, 31, 84, 100, 105, 107
Crude oil, 4, 48
Crystal, 7, 13, 26, 45, 112
Crystalline, 7-8, 36, 129
polymers, 7, 129
Cycle, 17, 32, 35, 43, 48-49, 106, 110
Cylinder, 105

D
Damage, 29-32, 57, 68, 72, 103, 107, 109
Damping, 23
Definition, 50
Degassing, 15, 18
Degree of orientation, 30
Degree of polymerisation, 81
Dehydrogenation, 4-5, 15
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Index
Demoulding, 35, 104-106
Density, 18, 31, 43, 109, 112, 115, 121, 124
Derivative, 5
Deterioration, 66, 103
Diameter, 32, 45, 104
Dies, 36, 39, 40-42, 108, 111-112
Dielectric, 25-26, 68
Differentiation, 10, 119
Diffusion, 28, 102
Dilute, 61, 68, 103
Dimensional stability, 7, 106, 109, 113-114, 121
Discontinuous, 17-18, 53
Displacement, 94
Display, 8, 48, 115, 117
Dissipation, 19, 25-26, 56, 68
Distortion, 24, 33, 36, 60, 99
Distribution, 19-20, 43, 48, 70, 81, 85
Dose, 30, 72
Drier, 38
Dry blend, 11
Drying, 31, 38, 63, 69, 73, 107, 115
Ductile, 8, 21, 45, 47, 86
Ductility, 5, 35, 78
Durability, 116
Dynamic, 23, 40, 51, 119
Dynamic mechanical properties, 51

E
Efficiency, 5, 10, 17, 47-50, 55, 86-87, 90, 96, 130
Elastic, 20, 77, 86, 110
Elasticity, 20, 23, 62-64, 91-93, 106
Elastomers, 51, 66, 71-7277-78
Electric, 50
Electrical, 2, 8-9, 25, 50, 60, 62, 68
Electron, 86, 125
Electronic, 10
Electronics industry, 50
Elongation at break, 20-21, 45, 78, 112
Embedded, 10, 46
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Emulsifier, 54
Emulsion, 4, 53-55, 73
polymerisation, 54-55
Energy, 7, 9, 18-19, 30, 43, 48, 55-56, 66, 91, 94, 96, 102, 104
dissipation, 19, 56
Engineering, 2, 8, 10, 62, 68
Enthalpy, 7, 44, 129
Environment, 3, 28, 102
Environmental, 19, 28, 48, 76, 78
stress cracking, 19, 28, 76
Ethylene, 4, 15, 47, 72, 77, 104, 109
Evaporation, 46
Expansion, 24, 34, 62, 99
Exposure, 29-30, 57, 68, 72, 99, 102
time, 29
Extraction, 37, 107
Extrudate, 38-39
Extruded, 3, 8-9, 37-38, 42, 45-47, 50, 94, 104, 106, 109, 113, 116-118, 129
polystyrene, 9, 13
Extrusion, 3, 5, 11, 31, 36, 38-40, 42-43, 45-47, 50, 63, 70, 73, 87, 90-94, 100,
106-112, 115, 117-118, 122, 129

F
Feed, 15, 31-33, 38, 105, 111
Feeding, 11, 31
Fibre, 12, 60, 62
Filled, 33, 39, 47-48, 117
Filling, 47-48
Films, 13, 27, 40, 42, 45, 51, 70, 84, 90-91, 106-113, 116, 118-123
thickness, 108, 112
Flame retardancy, 5
Flexible, 53, 84, 113, 118-119
Flexural, 20, 23-24, 92
Flow, 13, 17, 25, 32-36, 42, 89, 99-100, 104-106, 112, 130
rate, 89
Fluid, 25
Foam, 5, 7, 9, 50, 111
Foamed, 45, 50
Fold, 119
Folding, 121
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Index
Food, 3, 8, 10, 13, 19, 45-47, 49-50, 102, 104, 113-117, 119, 129
packaging, 3, 8, 10, 19, 49, 102, 113-114, 117, 129
Force, 85, 94, 105
Formation, 4, 15, 34, 53, 55-56, 85, 100, 108
Forming, 42, 70
Fondation, 4-5
Fraction, 18, 84, 86, 88
Fracture, 19, 56, 88, 91, 94-95, 123
Fragmentation, 31
Free radical, 15
Free volume, 28
Frequency, 25-26, 85
Friction, 105
Fruit, 45, 102
Functionality, 85
Fungi, 47

G
Gamma irradiation, 125
Gases, 13, 27-28, 48, 61, 102, 109, 115, 125
Gate, 33, 105-106
Gauge, 45
Gels, 18, 84, 100, 107, 109, 118
General purpose polystyrene, 7, 10, 13, 16-17, 19-21, 23, 26-28, 30, 34, 36, 42,
45, 53, 60, 78, 81, 84, 87-100, 104-107, 109-118, 124-125
Geometry, 30, 32-33, 36, 40, 107, 110, 116
Glass, 7, 10, 12, 20, 48-50, 60, 62-63, 78, 86-87, 125
fibre, 12
transition temperature, 7, 20
Gloss, 5, 10, 12-13, 19, 42, 47, 54-55, 73, 90, 97, 104, 108-109, 113, 123-124,
130
Glue, 122
Grade, 19, 24, 31, 35, 37, 60, 90, 93, 95-99, 104-107, 111
Gradient, 27, 91, 105
Graft, 18-19, 53, 57
Grafted, 18, 53, 77
Grafting, 17-18, 53
Granules, 31-33, 38, 47-48, 107
Graph, 21, 34, 44, 91
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Grinding, 15, 112
Growth, 1-2, 113, 119
Gyroid, 87

H
Hardness, 10, 124-125
Heat, 7-8, 15, 17, 24-25, 33, 36, 42-44, 57-58, 60, 64, 67-68, 72-73, 78, 99-100,
109, 112, 118-119, 122, 125, 130
resistance, 8, 60, 72, 99, 118, 125
Heating, 24, 34, 43, 45, 51
rate, 43
High conversion, 18
High molecular weight, 20, 45, 96
High pressure, 34
High temperature, 8, 60
High throughput, 3, 108
High viscosity, 36
High-density polyethylene, 43, 112
High-impact polystyrene, 4-5, 7-8, 10, 13, 17-23, 26-30, 36, 42, 45-47, 53, 56-57,
77, 87, 94-95, 105-107, 110, 113
Hinge, 124
Homogeneity, 40, 98-99
Homogenerous, 17, 36
Homopolymer, 7
Homopolymerisation, 82
Horizontal, 17, 38
Housewares, 125
Housing, 50, 74, 124
Humidity, 27
Hydrogen peroxide, 47
Hydrogenated, 77
Hydrolytic stability, 50

I
Immersion, 61
Impact, 4-5, 7, 10, 13, 17, 19, 21, 23-24, 28, 31, 33, 35-37, 42, 51, 53-57, 64, 66,
70, 72, 76-78, 84, 87, 90, 92, 94, 109, 113, 124-125, 127
resistance, 57, 64, 78, 109, 124
strength, 19, 54-55, 70, 72, 92, 94
In-line, 47, 129
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Index
Inclusion, 55
Incompatibility, 17, 85, 115
Incompatible, 31
Industry 2, 11, 50, 125, 129-130
Initiation, 15-16, 84
Initiator, 77, 81, 85
Injection, 11, 22, 24, 31-35, 50, 57, 63, 69, 71-73, 87, 90-92, 94, 99, 104-106,
113, 115, 123-126
moulding, 11, 31-32, 50, 63, 69, 73, 87, 90-91, 104, 113, 115, 123-125
Inlet, 36
Innovation, 129
Inorganic, 61
Inserts, 33, 47
Instrument, 47
Insulation, 7, 9, 50, 68
Insulator, 25, 68
Interaction, 36, 115
Intercalated, 88
Interface, 86
Internal stress, 106
International Organization of Standardization, 7, 21, 23-24, 26, 42, 51, 59-60, 63,
65-66, 69, 75-76, 91-97, 127
Interphase, 84
Ionic, 127
Irradiated, 30, 66
Irradiation, 30, 47, 125
Irritant, 125
Isoprene, 77, 80, 84

L
Lamellae, 87
Lamellar, 93
Lamination, 118
Layer, 8, 36, 42, 46-47, 57, 104, 109-110, 116-118
Length, 32, 35, 37, 40, 80, 82, 84, 88, 104, 107, 112
Light, 10-11, 19, 26-27, 46, 54-56, 58, 60-61, 71-72, 87-88, 97-98, 102
scattering, 10, 19
Linear, 21, 24, 42, 62, 82-84, 92, 99, 105
Liner, 19, 50
Load, 23-24, 43, 99
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Long-term, 68, 115, 117
Loss, 47, 56, 97, 105
Low molecular weight, 18, 37
Low shrinkage, 20, 32, 42, 123
Low temperature, 64
Low-density polyethylene, 109
Lubricant, 96

M
Machine, 11, 31-33, 73-74, 110, 120, 122-123, 125
Magnetic, 31
Manipulation, 120
Manufacturing, 3-5, 12-13, 15, 32, 50, 53, 80, 99, 113
Market, 1-3, 6, 11-13, 48, 50, 79, 113, 119, 125, 129-130
Materials, 3-5, 7-8, 10-13, 20-21, 31, 36, 38-39, 42, 47-48, 51, 53, 56, 60, 62,
67-68, 70, 73, 76, 78, 87, 91, 99, 102, 104-105, 10-110, 113, 115, 118-125,
129-130
Matrix, 10, 18, 31, 53, 55-57, 70-71, 87
Mechanical damping, 23
Mechanical properties, 7, 11, 18, 20, 45, 47, 51, 63, 66-67, 70, 72, 81, 85, 89, 91,
95, 102-104, 112-113, 125
Mechanical strength, 45, 68, 70, 78, 81, 87
Mechanism, 56
Melt, 7, 11, 15, 17, 20, 25, 30-40, 42, 63, 69, 73, 81, 89, 100, 105-109, 111-113,
129
rheology, 81
temperature, 30, 33, 35-36, 38-39, 42, 105-106, 111-112
viscosity, 7, 81
Melting, 7, 38-40
point, 7
Methylmethacrylate, 5, 8, 56
Methylmethacrylate-acrylonitrile-butadiene-styrene copolymers, 8, 53, 56-57, 7073, 75
Microscopy, 86
Microstructure, 15, 18, 53, 83-84
Migration, 93, 117
Miscibility, 113
Miscible, 53
Mixed, 86-87, 115
Mixer, 40
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Index
Mixing, 11, 36, 40-41, 86, 99, 107, 109, 111, 125
Mixture, 36, 53
Modification, 53, 57, 125
Modified, 5, 7-8, 10, 20, 33, 35, 53, 56, 66, 96, 99, 109, 129
Modulus, 23, 62-64, 91-93, 106
Moisture, 26-27, 31, 37, 102, 107, 115, 129
Molar mass, 58, 61, 80, 84-85, 88
Molar ratio, 84
Molecular mass, 81
Molecular weight, 18, 20, 31, 37, 45, 53, 58, 81, 96
Molecular weight distribution, 20
Monolayer, 118
Monomer, 4, 15, 54, 70, 80-82, 117
Morphology, 10, 19-20, 31, 45, 53, 55, 85-88, 93, 105, 125
Mould, 33-36, 63, 69, 73, 104, 106, 130
Moulded, 22, 24, 31, 33-35, 57, 63, 71-72, 92, 94, 104-106, 110-112, 116, 124126
in stresses, 116
Moulding, 11, 31-34, 36, 42, 50, 62-63, 69-70, 73, 87, 90-91, 104, 106, 112-113,
115, 123-125
Multifunctional, 84

N
Natural rubber, 5
Necking, 91, 93
Needle, 33
Network, 88
structure, 88
Neutral, 20, 28, 109
Newtonian fluid, 25
Nitrogen, 27
Non-Newtonian fluid, 25
Non-polar, 28, 82
Notch, 24
Notched, 19, 23-24, 92
Novel, 84, 90, 119, 121, 123, 125
Nozzle, 25, 32-33
Number average molecular weight, 81
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O
Opaque, 7-8, 10, 19, 26, 56, 87, 124, 126
Optical, 25, 60, 71, 89, 97, 99, 102, 106, 130
properties, 25, 71, 97, 99, 106
Optimisation, 48
Organic, 1, 16, 28, 103, 116-117
Orientation, 24, 30, 42, 45, 63, 85, 92-93
Oriented, 45, 120
Outdoor weathering, 66-67, 72
Oven, 38, 43
Oxidation, 111
Oxidative, 28
degradation, 28
Oxygen, 27-28, 30, 46, 57, 66-67, 72, 81, 102-103, 115, 129

P
Packaging, 2-3, 5, 7-10, 19, 28, 36, 44-50, 102, 104, 107, 109, 113-121, 124-125,
129
Packing, 118
Painting, 74
Paper, 8, 51, 118
sizing, 8
Particle(s), 10, 18-19, 30-31, 39, 45, 53-56, 77, 87
size, 10, 18-19, 45, 53-54, 56
Penetration, 33, 66, 94-96
Permeability, 13, 27-28, 102-103, 115
Permeation, 115
Permit, 107
Peroxide, 15, 47
Petrochemical, 4, 79
Physical properties, 19, 125
Pigment, 11, 46
Pigmentation, 67
Pigments, 68
Pipes, 60
Plant, 79
Plasma, 111
Plastic, 7, 34, 44, 48, 50, 68, 115
Plasticiser, 18
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Index
Polar, 28, 57, 82-83
solvent, 82
Polarity, 15, 56
Polishing, 108
Polyamides, 31, 37, 47, 116, 129
Polybutadiene, 4, 10, 13, 17, 23, 53, 57, 77, 84-87
rubber, 10
Polycarbonate, 8, 66
Polyester, 8, 31
Polyethylene, 1, 7, 10, 31, 43-44, 47, 104, 107, 109, 112, 115, 129
terephthalate, 1, 44, 47, 104, 115, 129
Polyisoprene, 77
Polylactic acid, 120
Polylactide, 130
Polymer, 4-5, 7-9, 15, 20, 36-37, 45-47, 53, 55, 58, 78, 81-85, 87, 115, 129-130
Polymeric, 7
Polymerisation, 5, 8, 15-19, 53-55, 77, 80-84
Polymerisation speed, 16
Polymethylmethacrylate, 56, 130
Polyolefins, 1, 43, 129
Polyphenylene ether, 8
Polypropylene, 7, 43, 107, 120, 129
Polystyrene, 1, 3-5, 7-10, 15-17, 19-21, 23-31, 33-35, 37, 39, 41, 43, 45, 47, 4953, 56, 61, 63, 66, 69-70, 77-78, 87-89, 94-95, 97, 120, 129
Polytetrafluoroethylene, 111
Polyvinyl chloride, 1, 44, 60, 107
Polyvinylidene chloride, 116
Potential, 12, 50, 80, 125
Precision, 32
Precursor, 4
Press, 131
Pressure, 25, 32-40, 100, 105-107, 129
drop, 33, 37, 40
Price, 12, 48, 50
Printer, 9, 73
Procedure, 15, 109, 122
Process, 4-5, 8-9, 11, 13, 15-17, 29, 40, 45, 47, 53-55, 77, 81-82, 104, 112, 129
Processability, 70, 81
Processing, 3, 7-8, 10-12, 17, 20, 29-32, 36-38, 40, 43, 50, 53, 63, 69-70, 73, 78,
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85, 89, 100, 103-106, 108-113, 115, 121, 129
conditions, 36, 109, 111
Producer, 79
Product, 1, 5, 8, 10, 17, 20, 29, 31, 35, 42, 48, 50, 58, 64, 67, 70, 75-76, 87, 89,
91-92, 96, 102, 107, 109, 115, 117, 119-121, 129
Production, 12-13, 24, 43, 48, 50, 53, 79, 89, 99, 105, 107-108, 111-112, 118,
129
cost, 50
Profit, 3
Propagation, 16
Properties, 2, 4, 6-8, 10-14, 16, 18-20, 22, 24-26, 28-30, 32, 34, 36, 38, 40, 42,
44-48, 50-52, 54, 56, 58, 60, 62-64, 66-68, 70-72, 74-76, 78, 80-82, 84-92, 94100, 102-104, 106, 108-116, 118, 120, 122-128, 130, 132
Property, 7, 9, 11, 13, 18, 20, 36, 89, 109, 113
Propylene, 4, 77
Protection, 120
Protonation, 84
Pump, 37, 39, 105, 107
Puncture resistance, 13, 95, 119
Purified, 81

Q
Quality, 10-11, 17, 29, 31, 34, 39, 55, 60, 84, 99, 107-109, 111, 115, 117-118,
120, 122-124, 130

R
Radiation, 30, 57, 60, 66-68, 72, 78, 104
resistance, 30
Radical, 15, 77
Radius, 25, 121
Ratio, 9, 12, 18, 32, 36-37, 50, 53, 77-78, 81, 84-86, 95-99, 105, 107, 111-113
Reach, 20
Reaction, 15, 17-18, 81
temperature, 18
time, 18
Reactor, 5, 15, 17, 82
Recovery, 48, 50
Recycle, 9
Reduction, 2-3, 5, 66, 93, 96, 112
Reflection, 97
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Refractive index, 10, 56, 60, 70
Refrigeration, 130
Reinforcement, 10
Replacement, 118
Research, 5, 119
Research and development, 5
Resin, 5, 11, 13, 79, 85, 90-91, 103, 115, 121, 124-125
Resonance, 15
Rheology, 81, 100
Rigid, 9, 21, 44, 51, 53, 76-78, 112-113, 127
Rigidity, 20, 23, 36, 62, 64, 70, 113
Ring, 112
Risk, 28, 35, 108
Roll, 42, 90, 108, 122
Rollers, 108
Room temperature, 61, 68, 71, 86, 117
Rotational, 33, 105
Rubber, 4-5, 8, 10-11, 17-21, 26, 28, 31, 33, 45, 53-57, 64, 66, 69-70, 72, 87, 93
phase, 28, 57, 87, 93
Runners, 105

S
Safety, 37, 117
Sale, 119
Saturated, 61, 68
Scale, 15, 87
Scattering, 10, 19, 56, 58
Seal, 47, 104, 129
Sealed, 104
Sealing, 47-48, 109
Segment, 82, 119
Semi-crystalline, 8
Sensitivity, 47, 107
Sequential addition, 82
Setting, 42
Shape, 21, 24, 33, 58, 64
Shear, 18-19, 23, 25, 31, 39, 56, 101, 107
Modulus, 23
rate, 25, 101
yielding, 56

151

Practical Guide to Structures, Properties and Applications of Styrenic Polymers
Sheet, 38, 40-42, 45, 47, 50-51, 89-91, 94-99, 116
Shell, 5, 10, 53, 78
Shrink, 5, 8, 13, 90, 113, 118-123, 130
Shrinkage, 13, 20, 32, 36, 42, 62, 106, 108-109, 119-123
Simulation, 39
Size, 10, 18-19, 31, 45, 53-56
Sizing, 8
Soft, 77, 80, 86-88, 117, 119, 129
Softening, 7, 23-24, 35, 38, 58, 60, 76, 89, 100, 106
point, 7, 60
Solid, 39, 85, 87
state, 85, 87
Soluble, 117
Solution, 15, 17, 28, 53, 57, 67, 77
viscosity, 53
Solvent, 16, 82-83
Specific heat, 24-25
Speed, 16, 33, 53, 82, 105-106, 108, 112, 129
Spherical, 87
Stabilisation, 15, 102, 109
Stabilisers, 57, 67, 100, 103, 110
Stability, 7, 30, 50, 60, 68, 85, 100-101, 106, 109, 111-114, 118, 121-122
Stacking, 46, 109-110
Standard, 26, 51, 60-61, 70, 103
State-of-the-art, 10
Static, 17, 40, 105
Steel, 15, 42, 105
Sterilisation, 47, 72, 125
Stiffness, 5, 10, 17, 47, 53, 73, 87, 89-93, 96, 119, 125, 130
Stirrer, 17, 53
Storage, 68, 72, 107, 111, 115-117, 121-122
Strain, 19, 21-22, 58-59, 64-65, 70-71, 91-95
at break, 91, 93-95
Strength, 9, 13, 17, 19-21, 45, 54-55, 58, 60, 62, 64, 68, 70, 72, 78, 81, 87, 9192, 94, 129
Stress, 7, 19, 21-22, 24, 28-29, 35, 45, 57-59, 61, 63-66, 69-71, 76, 91-94, 99,
103, 106, 109, 112, 116-117, 129
-strain curve, 64, 70, 91
Stresses, 24, 28, 33, 35, 42, 64, 68, 116
Stretch, 126
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Stretched, 45, 107
Stretching, 45, 93, 107, 122-123
Structure, 7, 9-11, 13, 18, 20, 32, 46-47, 53, 67, 70, 82, 84-85, 88, 109, 117, 119
Styrene-acrylonitrile, 4, 53, 58, 62, 130
Styrene-butadiene, 3, 5, 7-8, 11, 13, 19, 44, 77, 84, 90, 113
rubber, 8, 11
Styrene-ethylene-butylene-styrene, 77
Substitution, 2, 12, 129
Substrate, 42, 117
Sunlight, 102
Supply, 12
Surface, 10, 13, 24, 34-36, 42, 46-47, 55, 57, 63, 68-69, 73, 84, 94, 104, 106113, 124-125
resistivity, 46, 68
tension, 84
Sustainable, 130
Syndiotactic, 8
Synthesis, 81, 84-85, 119
Synthetic rubber, 5
Systems, 40, 48, 100, 105, 110, 116

T
Tables, 27, 32, 46-47, 79, 82-83, 89-91
Tank, 15
Target, 113
Taste, 28, 109, 115, 117
Technical, 12, 62, 73, 89
Temperature, 7-8, 12, 16, 18, 20-21, 23-25, 27, 30-31, 33-39, 42-45, 57-58, 6061, 64, 68, 71, 76, 83, 86, 89, 100-101, 104-108, 111-112, 117, 121
range, 7, 23, 64, 100, 121
Tensile creep test, 28
Tensile properties, 51, 75, 127
Tensile strength, 20-21, 58, 62, 91
Tensile stress, 21, 66, 91, 112
Tension, 42, 84, 108
Test, 21-24, 28-30, 36-37, 43, 51, 58, 61, 64, 66, 68-69, 72, 91-95, 97, 101, 104105, 115, 122, 127
Test specimen, 97
Tetrahydrofuran, 82-83
Theory, 5
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Thermal conductivity, 99
Thermal degradation, 33, 84
Thermal properties, 8, 24, 60, 89, 99
Thermal stability, 30, 85, 100-101, 118
Thermodynamic, 85
Thermometer, 33
Thermoplastics, 2, 7-8, 12, 25, 30-31, 40, 44, 62, 76-78, 116, 130
Thickness, 27, 41, 43, 50, 61, 70, 72, 95, 98, 105, 108-109, 112
Thin film, 110
Thinner, 129
Time, 11, 15, 17-18, 24, 28-29, 32-36, 43, 45, 57, 68, 81, 98, 103, 105, 113, 117
Titanium dioxide, 46
Tool, 80, 86, 104, 106, 110
Torsion, 51
Tough, 5, 7-8, 21, 45, 57, 75, 77, 84, 87-88, 91, 106
Toughness, 13, 19-21, 23-24, 33, 36, 47, 66, 68, 73, 78, 86-89, 91-99, 105, 107,
109, 113, 119, 124-125, 130
Toys, 9, 73, 123, 125
Track, 4
Trade, 78-79, 85
Transfer, 54, 60, 81, 112
agent, 54
Transition, 7, 20, 86
Transmission, 26, 51, 60, 71-72, 86, 97-98, 115-116
electron microscopy, 86
Transmittance, 27, 60-61, 127
Transparency, 5, 13, 17, 20, 53, 56-57, 70-71, 73, 78, 87, 89-90, 97-99, 104-105,
108, 111-113, 116, 119, 123, 130
Transparent, 5, 7-10, 19, 53, 56-57, 60, 70, 73, 75, 77, 89, 110, 113, 115-117,
124-127, 129
Transportation, 2, 9, 48, 107
Transverse, 94, 122-123
Trend, 2, 116
Triblock copolymer, 84

U
Ultraviolet, 26, 57, 130
Unsaturated, 8, 103, 116
Upper, 20, 33, 38, 42, 60
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V
Vacuum, 31, 37-38, 70
Vapour, 13, 27, 46-47, 51, 102, 115
Vent, 38-39
Venting, 37-39, 104, 112
Vertical, 17
Vessel, 17-18, 82
Viscosity, 7, 16, 18-20, 25, 36-37, 53, 81, 101, 105, 107
Viscous, 15, 20, 70
Void, 34
Volatile, 37, 107
Volume, 1-2, 18, 28, 34, 36, 50, 68, 77-78, 84, 86, 89, 105, 108, 113, 119, 125
fraction, 18, 84
resistivity, 68

W
Wall, 43-44, 70, 105, 111
thickness, 43, 70, 105
Warp, 87
Warpage, 106, 111, 124
Washing, 11
Water, 9, 13, 27-29, 46-47, 51, 57, 60-61, 67-68, 102-103, 115-117
vapour, 13, 27, 46-47, 51, 102, 115
Wavelength, 55, 60, 71-72, 87
Weatherability, 8, 64
Weight, 2, 9, 18, 20, 31, 37, 45, 53, 58, 81, 96
ratio, 9
Welded, 60
Welding, 122
Width, 39-40, 109
Window, 8, 43, 121
Working, 17, 105

Y
Yellowing, 31, 57, 67-68, 72, 102-103, 105
Yield, 8, 21, 48, 64, 77, 91-93, 106, 112, 115, 122, 124
Yield point, 21, 91, 93
Yielding, 13, 56, 91
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