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Chapter 1
Introduction

Mariam Al-Ali AlMa’adeed and Igor Krupa

1.1 What Are Polyolefins?

Polyolefins are the group of thermoplastic polymers formed by the polymerization
of olefins such as propylene, ethylene, isoprenes, and butenes which are commonly
obtained from natural carbon sources such as crude oil and gas. Polyolefins contain
only carbon and hydrogen atoms attached together with or without side branches.

The production of polyolefins started in the research laboratories. Polyethylene
was the first produced polyolefin in 1933 in the research laboratories of Imperial
Chemical Company by E.W. Fawcett and R.O. Gibson, from pure ethylene by high
pressure and temperature, polyethylene pellets are shown in Fig. 1.1. The pro-
duction of PE is expected to reach 100 million of metric tons in 2018, and the
investment of the production can reach $1 bn for new plants.

Polyolefins are widely used in different applications since 1950 after the
development of Ziegler—Natta catalysts which make it easier to produce them with
low cost and high quantities and better molar mass control.

This book follows the “lifetime” of polyolefin compounds and materials: from
their historical and economical input, synthesis and processing, over applications, to
recycling and oxo-degradation.
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Fig. 1.1 Polyethylene pellets

1.2 General Information

Properties of polyolefins primarily depend on the type of monomers and route of
polymerization, resulting in various molar mass and degree of crystallinity. They
can be simply modified by introducing various functional groups or mixed with
other polymers and fillers to get tailored properties for required applications.

Generally, polyolefins have good chemical stability and they are insoluble in
water, in polar solvents as well as in unipolar organic solvents below 60 °C. They
have high electrical resistivity and a high dielectric strength.

Both neat polyolefins and their blends and composites are commonly processed
by blow molding, injection molding, extrusion, compression molding, rotational
molding, and thermoforming. The final materials can be produced as bulk materials,
fibers, and thin films.

1.3 TImportance of Research in the Production
and Modifications of Polyolefins

This book entitled “Fundamentals and Industrial Applications of Polyolefins”
emphasizes the important relation between academia and industry for the produc-
tion and improvement of the polyolefins in different applications that can help the
society. Academic research all over the world developed the polyolefin industry for
different uses. The knowledge and innovation provided by scientists can be
translated by the industry into polyolefin products.. Industry used these ideas for
financial development and marketing of real high-quality products that benefit the
society. New questions and requirements are usually returned to the academia and
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different research sectors by the industry to improve the applications and have new
benefits. Figure 1.2 shows the cycle of production and improvement of polyolefins
by the scientists, society, and industry.

Fundamental research creates important knowledge that the industry need for
new applications and for any further needs arise by the community.Open-ended
exploratory research is the first step that can lead to the social and economic
benefits. The time line for the production of a new polyolefin material is shown in
Fig. 1.3, which starts from (i) research, (ii) new polyolefin material or polyolefin
composite, (iii) production, (iv) high production, (v) mature production, and
(vi) cost reduction.

Polyolefin can be considered as an interdisciplinary material that needs the
collaboration from different disciplines such as chemistry, physics, computer sci-
ence, and engineering. The integration of different fields leads to new advanced
technology and economic competitiveness to modify polyolefins for different
applications. Polyolefins are replacing many other materials in diverse uses, and the
scientists are trying to find new production, processing, and applications for the
polyolefins with more friendly environment routs through new polymerization
processes, modified catalysts and improved additives to have a wider application of
these materials.

This interaction between the academia and industry can lead to new develop-
ments in polyolefin technology and economic progress. This book is written by
academicians and industrial specialists who are experts in polyolefins and can
contribute positively to the progress of the society, and this book can help the
students, academics, and industrial sectors by introducing basics, applications, and
uses of polyolefins.

The book starts with the historical and economic impact of polyolefins, and
examples are given from around the world. The fundamental aspects in polymer-
ization and processing are described after that.
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Basic and advanced knowledge in polyolefin blends and composites is explained
before applications in different sectors are discussed.

New products from polyolefin were developed as explained in this book through
the following areas:

— Packaging and food industry;

— Polyolefin adhesion modifications;

— Polyolefin in textiles and nonwoven industry;

— Biomedical applications of polyolefins;

— Polyolefins in automotive industry;

— Polyolefins from thermal and oxidative degradation to ignition and burning.

At the end of this book, we discuss two major important possibilities to protect
the environment through recycling and oxo-degradable, which are explained
according to the present status and future perspectives.
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1.4 Why Polyolefins?

Production of PP and PE reached 177.5 million tons in 2015, indicating the high
need in the market for different applications and the continuous economic devel-
opment. This is due to the low cost and good mechanical and physical properties
that can be tailored for various applications highlighted in this chapter.
Polyolefin industry contributed to economics of many countries, and one such
example is Qatar which currently has the second GPD per capita due to the
industrialized products from oil and gas. The industrial plants added to Qatar’s
development and attracted high-quality experts from around the world.

1.5 Polyolefin Blends and Composites

Polyolefins can be used in various applications, but blending polyolefins can
introduce new materials with better properties for advanced applications such as in

e Medical field when blending UHMWPE with LMWPE for implants.
Recycling by blending the waste to retain good mechanical and thermal
properties.

e Blending is a common way to introduce low gas permeability for food
packaging.

e Phase-change materials (PCM) can be used by blending the polyolefin matrix
with a paraffin. The immiscible compatible blend can store energy through
melting of paraffin, whereas polyolefin, particularly polyethylene, maintains the
shape and compact solid form for different applications such as thermal comfort
in buildings or food packaging.

e Partly degradable material can be achieved when blending the polyolefin with a
degradable polymer such as PLA or starch; this can reduce the current polymer
waste problem in the world.

Film wrapping, automobile parts, medical tubes, and coating for cable systems
can be achieved by blends of two polymers such as PE and EVA which can be used
in agriculture as the mix of the both polymers introduces new combined properties.

Similar applications can be achieved by blending the polyolefin with the rubber
to be used in cables, wires, footwear, and automotive industry.

Future applications of blending include blending the polyolefin with other
polymers such as polyaniline (PANI) to reduce oxidation in food packaging due to
the fact that PANI has free radical scavenging properties.

Challenges in this application come through the immiscibility of the blends
which can reduce mechanical properties. When subjected to stress, these blends fail
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at the interface of the immiscible components. An improvement of mutual com-
patibility can be insured by the addition of new additives, by reactive blending, or
by adding another polymer.

Reduction in the properties can be seen when blending the polyolefin with a
biodegradable component such as PLA, and this can be reduced by the addition of
compatibilizers.

New opportunities of blending polyolefin can be seen in thermotropic liquid
crystalline polymer (LCP) multicomponent, automobile fuel tanks, polymer solar
cells, chemical sensors, polymer membrane, and foams.

Addition of micro- or nanofillers or additives to the polyolefins can improve
their properties for different modern applications such as in the automotive, fur-
niture, medical, packaging, electrical, transportation, construction, textile, and
agriculture industries. These industries have been increasing over the last few
decades. Additives can include different shapes such as flakes, fibers, and partic-
ulate types. It can be of natural or synthetic nature. The additives can improve the
performance of the new composites or nanocomposites of the polyolefins.

For polyolefin composites, challenges include many variables such as aspect
ratio of the fillers, orientation, and the interface. Controlling these properties of the
additives can be an easy way to control and tailor the needed properties.

1.6 Packaging and Food Industry

The use of polyolefin materials in food packaging is very important as they have
good mechanical strength to withstand the consumer handling and good thermal
stability for thermal processing methods. Improving the surface properties of the
polyolefins is attracting much attention as there is a need to improve wettability,
adhesion to food surfaces or other materials, dye uptake, printability, antimicrobial
and barrier characteristics, and glazing resistance. Surface functionalization can be
arranged by different methods to improve these properties (Fig. 1.4).

Using polyolefins in food packaging has many challenges to improve the surface
properties of materials maintaining their excellent bulk properties. Improvement in
oxygen scavenging systems needs to be improved also to reduce the oxidation of
the food and the presence of aerobic bacteria and mold growth.

1.7 Adhesion

Surface modifications of polyolefins are very important for many industrial appli-
cations such as adhesion to (1) another polymer, (2) composite, and (3) metal
bonding.



1 Introduction 7

Fig. 1.4 Plasma treatment to improve the surface morphology of polyolefins

Adhesion can be modified by chemical or physical methods to increase the
surface free energy. The following procedures can be used for modifying the sur-
face: chemical treatment, ultraviolet treatment, flame treatment, and plasma
treatment.

This is done by modifying the first few atomic layers in the surface of the
material. The results of the surface treatment are: (1) cleaning, (2) ablation,
(3) cross-linking, and (4) surface modification.

Polyolefins have in general low surface energy and poor adhesion. One of the
main challenges in polyolefin adhesion modification is the functionalization pro-
cess, and flexible polar groups can be added and lead to high-value applications
such as fuel cells, membranes, and batteries. Other common applications include
automobile painting and building industry (e.g., roofing membranes). Improving
antiadhesion properties has other applications especially in the biomedical field
such as in the blood-contacting equipment.

1.8 Polyolefins in Textiles and Nonwovens

Polyolefin textile fibers are usually produced through the melt spinning process
with good mechanical properties and chemical and abrasion resistance. One of the
main drawbacks in this industry is the fact that they are difficult to dye unless
additives are used. One of the major applications of PP is the use in carpet which
replaced natural fibers. Other applications include bags, sportswear, and knitwear.

Nonwovens are fabrics that are made from the fibers or webs that are made from
the fibers. They are not knitted or woven. Fibers can be entangled by chemical,
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thermal, or mechanical methods. Current applications of nonwovens include
geomembranes, filtration membranes, wipes, diapers, and medical fabrics.
Advantages of this application include possible recycling, easy to clean, and wide
applications.

1.9 Biomedical Applications

There are opportunities for polyolefins in biomedical applications as many types are
nontoxic, non-thermogenic, non-inflammatory, non-carcinogenic, and
non-immunogenic. Polyolefins are used in many applications such as artificial skin,
orthopedic implants, heart valves, and disposal items used in medical applications
such as syringes.

The challenge for biomedical applications of polyolefin is the need to investigate
their interaction with the living tissue and their stability as medical devices. Their
physical and mechanical properties can be improved by some additives or new
processing techniques.

Leaching from polyolefin materials that are used to store buffer and media
solutions needs to be analyzed to investigate and identify leachables to ensure the
safety of the medically applied polyolefins.

1.10 Automotive Industry

Polyolefins are used in automotive industry due to their low cost, good weather
resistance, and excellent properties. They can be used in many parts to reduce the
vehicle weight, save fuel, increase comfort, and reduce CO, emission. Polyethylene
(UHMWPE or HDPE), for example, is used to absorb vibration and noise and for
impact protection. Polypropylene is one of the lightest polyolefins, and with a
proper design, an improvement in the passenger safety can be achieved.
Polypropylene can also be used in bumper systems to absorb the kinetic energy.

New trend is the use of polyolefin nanocomposites for the automotive industry in
different parts such as in coatings, tires, electric and electronic equipment, breaking
systems, frames, body parts, and bumper systems.

Challenges include the usual nanocomposite problems such as the adhesion of
the cellulose additives to the polyolefin matrix and fiber/matrix interface
optimization.
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1.11 Stabilizing Polyolefin and Protection Against
Ignitability

Understanding the life trajectory of the polyolefin is important to increase the
lifetime of the industrial application. Protection against degradation can be achieved
by adding stabilizing additives to scavenge the free radicals or hydroperoxides from
the polyolefin. Two different types of antioxidants (or more than two) can be used
as antioxidants. UV stabilizers can be used to eliminate the free radicals, and these
include light filters, light absorbers, and quenchers.

Protection against ignitability can be increased by different techniques such as
inorganic additives (magnesium hydroxide and magnesium oxide). Reducing
smoke is also an important requirement for the modern society which can be
achieved by different types of additives.

One major challenge is to improve flame-retardant additives added to the
polyolefins which can scavenge the reactive atoms and convert them to less reactive
species. This system can reduce catastrophic fires.

1.12 Recycling and Oxo-Biodegradation

Figure 1.5 shows the life cycle of polyolefins. Recycling can be more
environment-friendly compared to landfilling and incineration. Recycling is highly
needed to reduce emissions contributing to air, water pollution, fuel, and raw
materials. The attitude of the industry is in general supportive to recycling.
Recycled polyolefins can be used in non-load-bearing parts. Legal regulations and
economic considerations should be arranged to encourage the recycling process of
the polyolefins.

Another discussed topic in this book is the oxo-degradation which is encouraged
by adding additives (metal salts) to the polyolefin material. These additives speed
up the fragmentation when the material is exposed to air (oxygen). Oxo-degradation
can happen after that, which is a very important step for short-service-life supplies
in the market. This technique is highly needed in the modern society to reduce the
negative impact of the waste on the environment.
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Resin Manufacturing

Processing Manufacturing

Applications

Fig. 1.5 Examples of life cycle of polyolefins
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1.13 Conclusion

Polyolefins are highly applicable in the society and have a huge market share
among polymeric materials. Research and innovative techniques are needed to
improve these materials for different applications that can support the society and
have a sustainable effect on the environment. This book discusses historical, eco-
nomical, and different techniques in preparing the polyolefins with examples of
current and future industrial applications. Other needs of flame retardants, recycling,
and oxo-degradation are also discussed.



Chapter 2
Polyolefins—The History and Economic
Impact

Trevor J. Hutley and Mabrouk Ouederni

2.1 Introduction

2.1.1 Definition

Olefins (from the French oléfiant, “oil—forming”),1 or alkenes, are hydrocarbon
molecules with at least one double carbon—carbon bond. Alpha (a-)olefins are
alkenes with a double bond at the first (alpha-) carbon. Polyolefins are polymer
molecules, made using either free-radical or ionic initiators or inorganic (metal
oxide) or organo-metallic catalysts, to open the reactive double-bonds in these
olefins, in an addition (chain-growth) polymerization reaction. These polymerisa-
tion processes produce essentially linear high molecular weight thermoplastic
polymers, which are now the main topic of this chapter.

These polyolefin polymers, since their commercialization around 80 years ago,
are now (2013) the major fraction (62 %) of the plastic materials which have
transformed modern life [1]. In 1960, they comprised only 20 % of global polymer
demand, but already by 1995, this had reached 60 % [2].

The original version of this chapter was revised: The erratum to this chapter is available at
DOI 10.1007/978-3-319-25982-6_15

"Because olefins combine readily with halogens to form oily liquids
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No other major material has appeared on the scene and achieved such a domi-
nant and ubiquitous place in such a short time. As new materials, polyolefins have
introduced new possibilities and benefits at attractive price points. Their annual
growth rate remains exponential.

Polyolefins are used in every sector of life and are processed by every significant
polymer processing technology. Whereas they are commonly perceived as com-
modity polymers, and their vast production and consumption volumes are testi-
mony to this, polyolefins can also be speciality and outstanding niche materials,
with unique properties and features.

2.1.2 Scope

In this chapter, we seek to demonstrate the broad and enormous economic and
commercial impact of these polyolefins, by considering a number of dimensions
that contribute to economic impact.

The commercial and economic impact of polyolefins is inextricably linked with
the discovery, recognition, or development of properties and performance that
creates value. Thus, we integrate the technical application and market development
of polyolefins in our discussion.

We start with a historical perspective on how the industry evolved from the early
discoveries in research laboratories in Germany and England to become a global
industry of almost 170 million tons and value around $200 billion, in just over
80 years.

2.2 Polyolefins: The History and Economic Impact
2.2.1 Polyolefin Elastomer

Strictly speaking, the first high molecular weight polyolefin to be commercialized
was a homopolymer of isobutylene. This polyisobutylene (PIB) was first developed
by IG Farben [Interessen-Gemeinschaft Farbenindustrie AG] in 1931 using a
boron trifluoride catalyst at low temperatures. We could note that the monomer,
isobutylene, was discovered by Michael Faraday just over 100 years before, in
1825. PIB of medium and high molecular weight is sold under the trade name
Oppanol B, a core business for BASF to this day. BASF acquired the competing
Vistanex PIB business of ExxonMobil in 2003. BASF have 4 plants that make PIB,
including the 18,000 ton plant at Ludwigshafen. Polyisobutylene has a low T,
(=73 °C) and does not crystallize. PIB homopolymers of high molecular weight
(100,000-400,000 or more) are therefore polyolefin elastomers, not (thermo)plas-
tics, and so fall outside of our scope. They are tough extensible rubber-like
materials over a wide temperature range, with a characteristically low density of
polyolefins 0.913-0.920, low permeability, and excellent electrical properties.
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Polyisobutylene is used as the base of chewing gum, in adhesives, sealants, roofing,
coatings, protection for optical fibre bundles, and electrical cable sheathing. In
2017, the overall polyisobutylene production is anticipated to reach 1.2 mil-
lion tonnes [3].

Lower molecular weight polyisobutylene is sold by BASF as Glissopal®, as an
important intermediate for the manufacture of additives for fuels and lubricants,
made in plants in Antwerp and Ludwigshafen of capacities 100,000 and 40,000 tons
per annum (tpa), respectively.

Polyisobutylene was later developed into butyl rubber [IIR] in 1937, by
researchers William J. Sparks and Robert M. Thomas, at Standard Oil (later,
ExxonMobil) by copolymerizing about 2 % of isoprene into polyisobutylene, to
provide the unsaturation for vulcanization (cross-linking with sulphur). This butyl
rubber was commercialized in 1943, and in 2016, the global capacity for IIR is
expected to be 1.6 million tons, with 6 players. ExxonMobil has a 40 % market
share. Since butyl rubber has outstanding permeability, tire inner tubes were the
first major use of butyl rubber, and this continues to be a significant market today.

This important segment (PIB, and its derivative IIR) has clear economic impact
through its unique and diverse applications and performance. Together, they total
around 2.8 million tons per annum, generating a revenue of around $4bn. This
segment was included here, so as to provide the full picture on the development of
polyolefins, but is not a part of the commonly recognized polyolefin industry that
we now turn to.

2.2.2 Polyethylene (PE)

Our story really begins with polyethylene. The first record of this word appears in
the work of the French chemist Pierre Eugéne Marcellin Berthelot, who reported in
1869 on his studies of ethylene exposed to boiling alkali, in which he described the
olefin fraction boiling at 280-300 °C as “polyethylene” [4]. These may have been
ethylene polymers, or perhaps oligomers, but they were not solids!

More than 60 years later, we see the first preparation of polyethylene by Prof.
Marvel, a discovery that languished, and then 3 years later, the serendipitous dis-
covery of (solid) thermoplastic polyethylene in 1933, in the research laboratories of
ICI, and its commercial production by 1938.

In 1930, Professor Carl Shipp “Speed” Marvel, just starting as a technical
consultant with DuPont, had assigned a graduate student [5], to prepare alkylated
arsenic compounds, from tetra-ethyl-arsenium bromide and butyl lithium. One
experiment involved passing ethylene gas through a solution of n-butyl lithium in a
mineral oil at elevated temperature. The white powder that resulted was the first
solid linear polyethylene in excellent yield by direct addition polymerization with
an organo-metallic catalyst under very mild conditions. It is supposed that DuPont
was both preoccupied with a number of commercially interesting polymers (in-
cluding nylon, neoprene, acrylics) and that the commercial possibilities of a linear
polyethylene were not seen [6, 7].
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Fig. 2.1 Original laboratory notebook observation recorded by Reginald Oswald Gibson at ICI
laboratories describing the waxy solid (PE) found in the reactor tube [§8]

It all started with a chance observation on 27 March 1933, by Eric William
Fawcett and Reginald Oswald Gibson of ICI Research in Winnington, Cheshire,
England, who were investigating the effects of very high pressures—above 1000
atmospheres—on chemical reactions [8]. They had started an experiment on Friday
24 March, to react ethylene and benzaldehyde (one of 50 reactions suggested by Sir
Robert Robinson, consultant to ICI, Nobel Prize in Chemistry 1947) at 170 °C and
a pressure of 1900 atmospheres. On Monday 27 March, 1933, the reactor “bomb”
was dismantled and Fawcett observed that the tip of the steel U-tube was coated
with a waxy material. Gibson recorded in his rough notebook: “Waxy solid found in
reaction tube” (Fig. 2.1).

Fawcett collected 0.4 g of this wax, had it analysed, and an empirical formula of
CH, was found, with a molecular weight of at least 3700. He internally reported this
(7 April 1933) as “probably polymerized ethylene”. From this 0.4 gram isolated by
Gibson and Fawecett in 1933, polyethylene has grown in 80 years into a global
industry producing over 80 million tons per year, the largest volume thermoplastic
in the world (2013 figures). This is the remarkable growth story that we proceed to
outline.

It is now thought that the ethylene that Fawcett and Gibson used may have
contained enough oxygen to initiate the free radical polymerization of the ethylene
under this pressure [9]. This (what was originally called high-pressure PE, and what
we now call low density) polyethylene was and is made by a free radical
high-pressure polymerization. When “improved facilities” were available in the ICI
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research laboratories, this experiment, with ethylene alone, was repeated, on 20
December 1935. This time, 8.5 g of solid was prepared.

We should not forget that this discovery of polyethylene was at a time when
polymer science was at the very beginning. On 26-28 September 1935, the Faraday
Society held the first major conference on polymer science in the UK in Cambridge;
Fawcett attended [8]. Hermann Staudinger (1953 Nobel Laureate in Chemistry)
presented a paper on the first day in which he described ethylene as a stable
compound which polymerizes with difficulty, giving only low molecular weight
mixtures of hydrocarbons. In the discussion on Staudinger’s paper, Herman Mark,
the chairman of the conference, himself invoked some theoretical arguments to
explain why ethylene does not polymerize. Then, Fawcett got up and told the
Conference that he had actually made a solid polymer of ethylene, with a molecular
weight of about 4000, by heating ethylene to 170 °C at about 2000 bar. This
disclosure “elicited no reaction from the people present, the cream of England and
world polymer scientists”, and Staudinger, even when prompted by the chairman,
declined to comment. Fawcett was apparently dismissed from ICI for this disclosure
[6]. We know that in 1938, Fawcett joined BP Research.

One year after Fawcett’s unauthorized statement, the ICI “process for poly-
merizing ethylene to (technically useful) solid polymers” was formally disclosed in
British Patent 471590 (applied 4 February 1936, allowed 6 Sept. 1937) and the
related US Patent 2153553 (Polymerization of olefins, Publication date 11 April,
1939 Priority date 4 Feb, 1936 Fawcett Eric William, Gibson Reginald Oswald,
Perrin Michael Willcox, ICI Limited).

In November 1937, ICI started up a 9 litre reaction vessel that could produce
about 10 tons per annum [tpa] of polyethylene. Continuous operation was not
achieved until the first ton of polyethylene was made on 22 December 1938. We
might say that the polyolefin industry had begun!

A 100-tpa polyethylene plant was started up in Wallerscote in September 1939,
and the second 100-tpa plant was completed in May 1940.

These investments and significant advances in equipment design and reliability
were made in parallel with the development of applications for this new material.

In 1936, (later, Sir) Michael Perrin wrote “It is felt that, of a large number of
possible uses, attention should first be concentrated on those connected with the
electrical industry, where the outstanding insulating properties of Alketh combined
with its flexibility in the form of tape and films, and its chemical inertness, would
appear to be most promising”.”

Indeed, the first suggested use for polyethylene came from B.J. Habgood, who
had joined ICI from the cable industry: the combination of electrical properties
(high dielectric strength, low loss factor, and moisture resistance) and mechanical
properties made it suitable as an insulator for trans-Atlantic coaxial telephone cable.
The demand at that time was estimated at 2000 tons per annum. It eventually
replaced the natural thermoplastic polymer gutta percha (trans-1,4-polyisoprene)

’In May 1942 ICI introduced the trademark Alkathene to replace Alketh.



18 T.J. Hutley and M. Ouederni

which had been used in cable insulation since 1843, when it was first used to
insulate the telegraph lines along the Great Western Railroad.

The submarine trans-Atlantic telegraph cables of 1857, 1858, and 1865 were
insulated with gutta percha, which was the prime material for submarine cable
insulation for over 80 years, until it was replaced by the new polyethylene. One of the
key drivers of the growth of the polymer industry—“material substitution”—had
been initiated.

The PE produced at this time by high pressure had a density of 910-920 kg/m’
and became known as “low-density” polyethylene, once polyethylenes of greater
linearity (less branching, so the chains are more easily packed together, giving high
(er) density) were developed.

The submarine telephone cable application was the justification for the com-
mercial PE plant, but in fact—with the outbreak of World War 2 in 1939—almost
all of the 4000 tons of PE produced between 1939 and 1945 was used to insulate
high-frequency radar cables. Commercial distribution of PE in the UK was sus-
pended, secrecy was imposed, whilst PE was used to produce insulation for the
coaxial cables of radar sets. Airborne radar, possible because of the compact cables
available now with PE insulation, proved to be a critical advantage in the Battle of
Britain and the Battle of the Atlantic, helping British supply ships to avoid German
submarines. German Admiral Karl Donitz told Adolf Hitler in May 1943: “What is
now decisive is that enemy aircraft have been equipped with a new location
apparatus ... which enables them to detect submarines and to attack them unex-
pectedly in low cloud, bad visibility or at night” [10].

Once warfare had ceased in Europe (May 1945) and in Asia (August 1945), the
military demand for PE reduced, and the search for modified products and alter-
native applications started. Another of the key drivers of the growth of the polymer
industry—"“product and application development”—had been initiated.

Calendered PE sheet (Crinothene) was used for lampshades. Winothene was a
low molecular weight PE made for wax applications. Halothene was a chlorinated
PE. None of these proved a growth driver for the PE business. However, a major
application for PE was found once ICI Plastics started its first 122 cm (48") film
extruder. Today, extruded film (blown film, cast film, extrusion coating) is the
major process/application across the main types of PE.

2.2.2.1 “Exceptional Invention”

In October 1929, DuPont signed a “patents and process agreement” with ICI “to
exchange scientific and technical information on a routine basis”, which was
effective until 1948, when the US Department of Justice brought antitrust pressures
to bear, and it was cancelled (it was due to expire in 1949 anyway) [11].

DuPont claimed neoprene (1930) and nylon (1934) as “exceptional inventions”
and so—within the understanding but not the actual contractual terms of the
agreement—did not make early disclosure of these to ICI. Polyethylene was dis-
closed by ICI to DuPont in September 1933, but later, in 1939, ICI notified DuPont
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that polyethylene was an “exceptional invention”, so was—likewise—outside of
the scope of their agreement.

DuPont started their investigations of high-pressure polymerization in 1936 and
by 1940 had developed an improved process for making PE. A 50-ton pilot plant was
completed in December 1942, and a 500-ton plant was started up in March 1943 [11].

DuPont had been granted rights to grant non-exclusive sub-licences of the ICI
Patents. Union Carbide approached DuPont in October 1942 for a sub-licence,
whilst simultaneously contracting to supply the Navy with PE, building a 500-ton
PE plant, and then improving the process and product. By the end of the war, Union
Carbide had increased their capacity to six times that of DuPont, who were now
making 750 tons per annum. Applications were found in extruded film, coated
paper, wire and cable insulation, bottles, and pipes.

2.2.2.2 Linear Polyethylene

DuPont had discovered (patent application 739,264, filed 3 April 1947) that a more
linear free radical PE—with a density of 0.955—could be made using a specific free
radical initiator such as AZDN (azo-di-iso butyronitrile), under very extreme
pressure conditions (their patent indicates 5000-20,000 atmospheres). They were
unable to convince the patent examiners that this linear polyethylene was a
patentable invention. Only after the discoveries from 1951 (publication of the
various low-pressure HDPE process patents, outlined below) did this patent
USP 2816883 publish. DuPont never pursued this linear polyethylene, because the
extreme pressures “greatly exceeded the limits of commercial feasibility” [11].

2.3 Inorganic and Organo-Metallic Catalysts

The next major step, almost two decades after the discovery by ICI of their
high-pressure free radical polymerization of ethylene, was the discovery, from
1951, of (metal oxide and organo-metallic) catalysts that produced essentially linear
high molecular weight polyethylene (and other polyolefins) under much lower
pressures. These catalyst discoveries occurred almost simultaneously and inde-
pendently in several laboratories in the USA and Europe [12].

We briefly review these discoveries, chronologically, and see how they led to
several industrial processes that were the foundation of the significant growth of the
polyethylene industry since the 1950s. We then see how this technology was
rapidly extended to create the polypropylene industry. The growth of the polyolefin
industry in these last 60 years is the story primarily—in terms of volume and
impact—of the growth of polyethylene and polypropylene.

Although from our perspective, more than 60 years later, we see polyethylene
and polypropylene as quite different polymers and industries, and the commercial
value of each of these polyolefin polymers is appreciated, yet from the 1950s
perspective of the “new” metal oxide and organo-metallic catalyst syntheses, they
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were just outcomes of a-olefin polymerization. That is why the early days of
polyethylene and polypropylene and these metal oxide and organo-metallic cata-
lysts are such entwined and convoluted histories.

2.3.1 DuPont “on the Brink of a Tremendously Interesting
Field of Polymer Chemistry”

Although from the patent/legal perspective, DuPont is not at the beginning of the
chronology, it is described first, because the much earlier work of Prof. Marvel in
1930 might be seen as the starting point of organo-metallic catalyst synthesis of
solid polymers and because the work from 1954 at DuPont was specifically derived
from an earlier (1943) antecedent at BASF.

In 1954, the exploratory research section of DuPont, a group of about 10 men
headed by Dr. Frank Gresham, began to investigate polymers that were of higher
modulus than (low-density) polyethylene. To decrease the chain flexibility, they
sought to incorporate norbornene as a “bulky” comonomer into the polyethylene
chain. One chemist in the group, Nicholas G. Merckling, was assigned to find a
suitable polymerization catalyst for this. Merckling found, in his literature review,
that Max Fischer of BASF had been issued with a (1953) patent based on his 1943
(during WWII) improvement of a titanium and aluminium chloride catalyst for
polymerizing ethylene to low molecular weight liquids. When Merckling pursued
this and succeeded in making a higher modulus polyethylene using these catalysts,
it was quickly recognized that he had made linear polyethylene by a relatively
low-pressure process and that with this new catalyst (Gresham wrote to his boss)
“we are on the brink of a tremendously interesting field of polymer chemistry”. On
16 August 1954, Merckling filed a patent for the reduced (divalent) titanium cat-
alyst and a process for polymerizing ethylene from 1 — 100 bar.’> In one
example (X), they disclosed a polyethylene of density 0.98, and in another (XIX), a
molecular weight too high for the melt flow index to be measured.

2.3.2 Standard Oil of Indiana (later, Amoco)

Alex Zletz of Standard Oil of Indiana (later, Amoco) was actually the first to disclose
(patent filed 28 April 1951) the use of a transition metal catalyst for the production of
highly linear (what came to be called high density) polyethylene HDPE, using a
molybdenum oxide catalyst supported on alumina.* The polymer density was 0.96.
The purpose and process of their invention is very clearly stated in this patent:

3Source: US Patent 3541074.
“Source: US Patent 2692257.



2 Polyolefins—The History and Economic Impact 21

...to provide a relatively low temperature, low-pressure process for the conversion of
ethylene-containing gases to high molecular weight resinous or plastic materials.Briefly,
the inventive process comprises the conversion of ethylene principally to high molecular
weight normally solid polymers by contact with an alkali metal and one or more of the
oxides of chromium, molybdenum, tungsten, or uranium, extended upon a support [13].

The management was unsure of the importance of this product, and commer-
cialization was slow. The first plant using this technology went on stream in 1961,
in Japan. Three plants were eventually built between 1961 and 1971, but the
process had poor economics and was soon “dead”. Ironically, the first technology to
market, which normally has an advantage, had little economic impact and has no
place in the polyethylene technology of today.

2.3.3 Phillips Petroleum Company

On 5 June 1951, Phillips Petroleum Company (now Phillips 66, which owns 50 % of
Chevron Phillips Chemical) researchers Hogan and Banks were attempting to convert
propylene into gasoline (petrol), when they discovered crystalline polypropylene.

This discovery led to the development of a new catalytic process based on
chromium oxide, for making both polypropylene and high-density polyethylene
(HDPE) in January 1953.° This “Phillips (chromium) catalyst” gave a highly linear,
very crystalline polymer, of density 0.963, with resultant improved mechanical
properties, at low pressure. Phillips invested $50 million in developing this new
technology and introduced their Marlex® HDPE in 1956. At the outset, there was
only one grade available—with a melt index below 1 (a high molecular weight
grade). This did not match with the already diverse market needs, so inventory
began to build. It is said that Marlex® was probably “saved” by the Wham-O
Company, who in 1958 made their new “craze” product, the HulaHoop, from
Marlex® polyethylene tubing—Iots of it: over 100 million hoops were made within
2 years. The completely unanticipated demand for Marlex gave Phillips the time
necessary to resolve initial production problems and position itself as a prime
source of plastic resins. This tremendous contribution by the two Phillips
Petroleum scientists was commemorated by the US Postal Service (USPS) in an
official stamp that features their photos (Fig. 2.2).

These Phillips discoveries were commercialized rapidly and remain a major
process today, in more advanced forms: the Phillips supported chromium catalyst is
used to produce some 40-50 % of the world’s HDPE. The first plants were brought
on stream in 1955 and 1956. However, Phillips management concluded that no one
manufacturer could develop the full market potential of the Phillips HDPE and
therefore decided to license the process. By 1956, nine companies in seven coun-
tries had become licensees.

SSource: US Patent 2825721.
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Fig. 2.2 US postal service
stamp commemorating
Phillips Petroleum Scientists
Robert Banks and Paul Hogan
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2.3.4 Prof. Karl Ziegler

“The Ziegler catalyst was... an unprecedented break-through in ... polymer syn-
thesis” [6].

In February 1943, Prof. Dr. Karl Ziegler was invited to be the director of the
Kaiser-Wilhelm-Institut fiir Kohlenforschung (renamed in 1949 the Max-Planck-
Institut fiir Kohlen-forschung) in Miilheim an der Ruhr and appointed on 16 April
1943.

There, continuing with organo-metallic chemistry, Karl Ziegler and Hans-Georg
Gellert found that triethyl aluminium could react with ethylene by stepwise inser-
tion—what was called the “Aufbau” (building up) reaction—to produce ethylene
oligomers and low molecular weight waxes or polymers (up to 100 ethylene
insertions).6

In early 1953, in the hands of the graduate student Erhard Holzkamp, this
established Aufbau reaction unexpectedly took a different course. Instead of oli-
gomers, he obtained a quantitative yield of 1-butene, in addition to unchanged
triethylaluminium! It was eventually found that this was due to minute traces of
colloidal nickel in the reaction vessel, remaining from previous hydrogenation
studies. This finding was later called the “Nickel-Effect”. Prof. Ziegler then insti-
gated a systematic investigation of the effect of other transition metal compounds on
the Aufbau Reaction [14]. A new graduate student, Heinz Breil, was given the task
of carrying out this systematic search.

On 26 October 1953, Breil carried out the reaction which was to revolutionize
polymer chemistry: he treated ethylene with triethylaluminium in the presence of
zirconium (acetylacetonate). The reaction was carried out under the standard con-
ditions used for the Aufbau Reaction (100 °C, 100 bar) but took a completely
different course—a white mass of polyethylene was formed. On 17 November
1953, only three weeks after Heinz Breil’s original experiment, Karl Ziegler sub-
mitted a 2-claim 4-page patent (for intellectual property, Ziegler characteristically
wrote and defended and negotiated himself) to the German Patent Office, claiming a

Source: US Patent 2699457.
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method to prepare high molecular weight polyethylene with an organo-metallic
catalyst consisting of a trialkyl aluminium species and a transition metal
compound.’

Karl Ziegler aggressively licensed his invention. In 1954, these agreements
earned Karl Ziegler and the Max-Planck Institute for Coal Research a total of
almost 9 million Deutsche Marks (compared to the Institute’s then annual budget of
1.2 m Deutsche Marks), or $4.5 m at 1954 exchange rates (4.2DEM/$). The
Max-Planck Institute for coal research in Miilheim was sustained for more than
40 years [15] on the proceeds of the exploitation of its patent rights dating back to
1953/1954.

However, the licence from Ziegler provided only access to catalyst knowledge,
and each licensee had to develop a process. This was in stark contrast to Phillips
Petroleum, who provided catalysts and process knowledge as part of their licensing
strategy.

The first full-scale low-pressure HDPE plant was erected by Farbwerke
Hoechst AG in Germany in late 1955. Plastic Technology reported, in September
1955, that this Hostalen® resin, with a density of 0.94 g/cc, was the talk of the
Hanover Industrial Fair in Germany, where it was shown for the first time in
applications such as film, pipe, tubing, and moulded household articles. This first
Ziegler plant was brought on stream by Hoechst in late 1956 and the second one in
1957 in the USA, by Hercules.

By 1960, US production of HDPE via the Phillips process had reached over
91,000 tons annually, whilst 32,000 tons came from the Ziegler process.

The combination of transition metal halides and aluminium alkyls has remained
at the heart of the Ziegler catalyst, and is today the world’s most widely employed
technology for polyolefin production [16].

2.3.5 Hercules Powder Company

Edwin J. Vandenberg describes, as a participant, his own early work in poly-
ethylene synthesis at Hercules, noting retrospectively that his ferrous complex with
cumene hydroperoxide in t-butyl alcohol produced what was “obviously the linear
high-density polyethylene” that “has become a very important, large volume
commercial product” [17]. But his molecular weights were too low for him to
recognize the value of this linear polyethylene, and in any event, his process was
too poor (low conversion and yield) to be useful. Of course, later, Hercules went on
to become the first US company to make polypropylene and became in the 1980s
the world’s largest producer of PP.

From this brief survey of contemporaneous discoveries on polyolefin polymer-
ization, it is evident that catalysis became a dominant technology factor to consider

"Source: German Patent 973626 K. Ziegler.
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within 20 years of the discovery of high-pressure (low-density) polyethylene. These
various catalysts enabled linear polyethylene of higher density and higher crys-
tallinity and improved mechanical properties to be manufactured, without the
extremes of pressure and temperature that LDPE required. These catalysts were
moved quickly from the laboratory to industrial plants. We surveyed the catalyst
discoveries, with patent applications submitted from April 1951 to November 1953.
By early 1956, eight companies had announced the capacity of 172,000 tons to
manufacture linear PE. Phillips started in late 1956, most by mid-1958. DuPont
delayed manufacturing linear PE until 1960, when it captured a 10 % market share.

2.4 New Entrants

Aggressive investment in production capacity, ahead of demand growth, naturally
depressed market prices, as each new entrant sought to gain or maintain market
share. These new entrants included companies—such as Phillips Petroleum—
moving downstream into the chemical space (as Aramco is now doing, 60 years
later) or those from other sectors moving into chemicals for strategic reasons. W.R.
Grace was a shipping company, used to lower margins, who found the diversifi-
cation into the relatively dynamic chemical industry provided attractive returns,
even in this competitive situation. In fact, the PE from W.R. Grace (“Grex”’) was the
original material that was used in the HulaHoop craze, before demand outstripped
the Grex capacity, and Marlex became the major supplier of the PE tubing.

The creation of the HDPE industry, with so many players, such investment in
capacity ahead of demand growth, and the resultant intense competition, meant that
by 1970, linear polyethylene was a DuPont venture that was still $20 million in the
red [10]—a considerable economic impact.

2.5 LLDPE

In January 1957, DuPont filed for a patent, based on the finding that the incorpo-
ration of higher a-olefins in PE® improved the product, but for DuPont, it appears
that this ethylene copolymer was not really a very attractive venture compared to
their other, high-margin proprietary products, like nylon. Although Du Pont of
Canada introduced such a process in 1960, worldwide the products remained a
small volume specialty until 1978, when Union Carbide announced their Unipol
process, and actually coined the name “linear low-density polyethylene” (LLDPE).
As we see later, since 1980, LLDPE has continued to increase its importance in the

8Source: US Patent 4076698
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evolution of the portfolio of polyethylene products, likely to approach 1/3 of the
total PE market by the end of this decade.

2.6 Progress in Catalyst Chemistries

The chromium (Phillips) and titanium (Ziegler) catalysts have remained the primary
industrial catalysts for HDPE and were dominant for three decades, until the dis-
covery in 1979 by Walter Kaminsky of methylaluminoxane (MAO) as an activator
for metallocene catalysts, as this compound was far more capable of ionizing the
transition metal compound. These new activated metallocenes (e.g. zirconocene)—
alternatively described as single-site catalysts—were now suitable for polyolefin
polymerization, up to 100 times more active than Ziegler catalysts, and the
monomer insertion time (30 ps) was as fast as enzymatic processes. Kaminsky
found that the homogeneous (soluble) nature of these metallocene-based catalyst
systems made them “dramatically different from Ziegler—Natta catalysts”. Because
his catalysts led to lower polydispersities, more uniform incorporation of como-
nomers, giving different properties and manufacturing processes, he described
them as “a revolution in the polymer industry”. Metallocene catalysts have par-
ticularly found application in LLDPE, but “the resulting improvements in—clarity,
strength, and lower hexane extractables—usually come at a higher price, so market
penetration has not been as great as was originally predicted” [18]. Latest estimates
are that perhaps 10 % of LLDPE is made using metallocene catalysts [19].

The sheer size and value of the polyethylene industry ensure that there is con-
tinued research, progress, and development in catalysis, for their potential com-
mercial impact. Although this whole subject is not within the scope of this chapter,
we mention a couple of aspects of the progress, which offer the potential to impact
this industry. In 1995, DuPont introduced work, carried out with them at the
University of North Carolina—via the largest patent application ever in the USA.’
They disclosed what are described as “post-metallocene” catalysts. These are
transition and late transition metal complexes with di-imine ligands, which form
part of the DuPont “Versipol” technology. Such catalysts create highly branched
to exceptionally linear ethylene homopolymers and linear alpha-olefins. Late
transition metals offer not only the potential for the incorporation of polar como-
nomers, which until now has only been possible in LDPE reactors, but also their
controlled sequence distribution, compared to the random composition of free
radical LDPE copolymers. Such copolymers account for over 1 million tons per
annum [20]. Versipol has so far only been cross-licensed and used commercially by
DuPont Dow Elastomers (a former joint venture, now dissolved) in an EPDM plant.

Source: US Patent Application WO 9623010.
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2.7 The Progress of Polyethylene

We have seen the development of polyethylene, from low molecular weight
polymers first mentioned by name in the literature in 1869, to the first reported solid
polymers of linear polyethylene by Prof. Marvel in 1930; then the unintentional
synthesis and chance observation of 0.4 g of solid polyethylene in March 1933 by
ICI (prepared under high pressure, later described as LDPE); the onset of catalyst
technology in the industry, from the simultaneous discoveries of transition metal
catalysts a few decades later, that created the HDPE industry; the development of
LLDPE copolymers; and the discovery in 1979 of metallocene catalysts for poly-
olefin polymerization — all of which are now part of the mainstream polyethylene
industry. Post-metallocene catalysts offer the promise of branching without high
pressure or comonomers; the potential to incorporate polar groups without high
pressure, and to control this copolymer microstructure.

The three major segments of polyethylene (LDPE and its copolymers; HDPE;
LLDPE) are now an industry of almost (2018E) 100 million tons with a value of
$183bn [21].

At over 31 % of the global plastic market, polyethylene has indeed become “the
world’s leading synthetic macromolecule” [22].

The outstanding growth of this polyethylene industry over an 80-year time frame
is shown clearly in Fig. 2.3, based on all data available, from different sources.

global polyethylene production 1938 - 2018E
100000 o

*
90000 4

%
£
oo
80000 § "
-”
70000 4 o ®
60000 4 b4
50000 1 »

40000 4 /S

30000 4 A

polyethylene production [000 tons]

20000 { .’/5

10000 4 .

PR e . r ' y . . . y x " . - y y
1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
production year

Fig. 2.3 Global polyethylene production up to 2018 (data compiled from various private
and open sources)



2 Polyolefins—The History and Economic Impact 27

2.8 Polypropylene (PP)

We may argue but concede that LPDE, HDPE, and LLDPE are three different kinds
of polymer, albeit starting from a common monomer.

CH;,

n

Polypropylene

This makes polypropylene (PP) the world’s largest polymer.

Whatever our stance on this analysis, we see that polypropylene, although a
comparative latecomer to the polyolefin “game”, is becoming the star.

From invention in 1953 and commercialization in 1957, it has become an
industry of (2018 estimate) 86 million tons (27 % of the worldwide plastic market)
with a value of over $135 billion.

On the same scale as the PE growth curve just above, Fig. 2.4 shows the PP
production since invention, similarly using all data available from various sources.
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Extrapolating, noting the faster rate of growth, we might not be surprised to find
that in a decade, PP will be as big as the total PE segment.

The polypropylene story is both similar and quite different from the polyethylene
story.

Let us firstly follow the strict chronology of the discoveries of crystalline
polypropylene.

2.8.1 Standard Oil of Indiana

Alex Zletz noted in his laboratory journal on 18 July 1950 the suggestion that the
molybdenum catalyst could be used for the polymerization of propylene. He and
other colleagues carried out various experiments with propylene polymerization
until July 1953, but they were not accepted as proof of priority, because later the
judge ruled that “since neither the making of the product had been adequately
described, nor had the product been recognized or a utility therefore been given”.
The economic impact of this decision is significant and provides a salutary lesson to
those designing experiments, characterizing and reporting the outcomes, and
making laboratory notebook entries. The judgment is based on the US law, which
provides that three criteria must be met when determining prior inventorship (pri-
ority), criteria which are also internationally respected:

(1) Production of a composition of matter satisfying the limitation of the count.
(2) Recognition of the composition of matter; and
(3) Recognition of a specific practical utility for the composition.

2.8.2 Phillips Petroleum

As we saw previously, polypropylene was first made in June 1951, unintentionally
as a solid polymer, by Phillips Petroleum, who were at that time seeking to convert
excess refinery gases, ethylene and propylene, to high-octane fuel. Phillips devel-
oped their chromium olefin polymerization catalyst for linear polyethylene'”, but in
fact, Phillips never entered the polypropylene manufacturing business. Paul Hogan
and Robert Banks recorded the invention of the process by which they produced
crystalline polypropylene about an hour after their discovery. As we shall see in
more detail below, their January 1953 patent application was issued'' in March
1983 (32 years after their discovery) [11].

19Source: US Patent 2825721.
"Source: US Patent 4376851.
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2.8.3 Natta

Dr. Giulio Natta was a professor at the Polytechnic Institute in Milan, who worked
closely with the Montecatini Company, from where he sourced most of his research
staff. In 1952, at Achema in Frankfurt, he heard Karl Ziegler lecture on the poly-
merization of ethylene. He immediately invited Ziegler to visit Milan, at
Montecatini’s expense. One outcome of this visit was an agreement for the scientific
exchange of information between Ziegler and Natta, which enabled three Montecatini
scientists, already assigned to Natta, to work at Ziegler’s Institute. There in late 1953,
they learnt about the synthesis of linear polyethylene by Ziegler, and Natta asked his
research group in Milan to attempt the polymerization of propylene using “Ziegler
catalysts” (so entitled by Natta). Based on experiments by Paolo Chini on 11 March
1954, Natta wrote in his own notebook “today we made polypropylene”. In a sub-
sequent visit to Ziegler (May 1954), Natta asked and persisted with the question about
polymerising propylene. Ziegler said he had tried it, but “es geht nichts” (it does not
work). Natta was now sure that his process was “new”, and he filed Italian process and
polymer patents on 8 June and 27 July 1954, respectively.

2.8.4 Hoechst

Hoechst was an early Ziegler licensee for linear polyethylene. Dr. Rehn, a research
chemist at Hoechst, succeeded in making polypropylene using a Ziegler catalyst in
March 1954. No patent was applied for, out of respect for Dr. Ziegler’s research area.

2.8.5 Ziegler

On 27 October 1953, the day after his successful PE polymerization with zirco-
nium, Heinz Breil also investigated propylene, but concluded “propylene cannot be
converted into high molecular weight polypropylene”. In June 1954, Heinz Martin
used new reactors to polymerize propylene to high molecular weight in good yield
and demonstrated that both pure propylene and 1-butene could be easily poly-
merized by the new catalysts. A sixth patent was therefore submitted 3 August
1954, extending the scope to o-olefins such as propylene and 1-butene.

2.8.6 PCL

Petrochemicals Ltd., in England, were Ziegler polyethylene licensees who operated
a sizeable pilot plant making polyethylene. One day in 1954, just as they were ready
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to run the pilot plant, the ethylene line failed, and the technologist Bernard Wright
decided to try propylene instead. It worked. Because of the understanding with
Ziegler, that this was Dr Ziegler's research area, PCL — like Hoechst above — did
not even consider patenting or publishing the result. Nor did they even inform
Ziegler, who himself had just made polypropylene.

2.8.7 DuPont

Following the bold statement by Frank Gresham (mentioned previously), Stamatoff
and Baxter conducted a series of experiments at DuPont, from April through
August of 1954, using different catalysts for both ethylene and propylene. A large
number of these experiments yielded either no polymer at all or liquid polymers
(oils) only. In some cases, minute quantities of solid polymer were formed. On 21
May 1954, Baxter had converted propylene with the aid of a mixture of Grignard
compounds and titanium tetrachloride, but the yield, 0.5 g of a powder, was not
conclusive, even though a film was formed from this product, which was charac-
terized as “tough and elastic”, and infrared analysis showed that it was indeed
polypropylene. No evidence of crystallinity was recorded.

Later, it was a legal judgment that they “had not only failed to recognize the
polypropylene product as such, but had also neglected to show any utility, as
required by the rules” and that the earliest priority established by Du Pont with
respect to the production of solid, crystalline polypropylene was therefore 19
August 1954. In September 1954, DuPont learned of the work of Karl Ziegler and
concluded that his work was “remarkably parallel to our own”, his dates were
generally earlier, and that DuPont would not dominate the Ziegler patent position.
DuPont therefore paid Ziegler his customary “$50,000 to view” fee and was dis-
appointed to find that his “process” consisted of little more than laboratory results.

2.8.8 Hercules

Hercules was one of the first Ziegler polyethylene licensees, in mid-1954. In
October 1954, Edwin Vandenberg was given the assignment to do scouting work
with the new Ziegler catalysts, and within a week, he had polymerized propylene
with a Ziegler catalyst and had isolated an “unusual, insoluble, crystalline poly-
mer.” As we saw previously, Hercules went on to become the world’s largest
manufacturer of PP by the 1980s.

Catalyst research at Hercules led, in early 1955, to the development of improved
catalysts. Vandenberg also discovered the use of hydrogen to control the molecular
weight of polyolefins made with Ziegler—Natta type catalysts, which remains a
principal method of molecular weight control today [23].
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2.8.9 “Interference”

Between 1953 and 1956, five patent applications on the discovery of polypropylene
had been filed at the US Patent Office (Table 2.1).

On 9 September 1958, the US Patent Office declared “interference” (a procedure
carried out by US Patent law according to which the Board of Patent Appeals in the
US Patent Office determines the priority of two or more inventions of identical or
similar claim content with time overlap) between these five parties. Neither the
parties nor the US Patent Office had considered including Karl Ziegler’s patent
rights in this proceeding.

At issue was “the priority of invention of crystalline polypropylene, a plastic
with considerable commercial utility and value”.

Patent Office actions and the court battle that followed lasted three decades, and
produced volumes of testimony and scientific research. Indeed, the legal proceed-
ings contained what may be the most complete scientific record of the discovery of
a crystalline material. Over 1000 exhibits had been submitted and over 100 wit-
nesses deposed in 18,000 pages of testimony by 1970. During the course of the
85-day trial conducted between 19 September 1977 and 17 May 1978, the district
court received, in addition to the voluminous record compiled in the Patent Office,
listed above, considerable new evidence including several thousand exhibits and the
testimony of a number of experts in the area of physical and polymer chemistry.

Hercules was eliminated from the interference in 1964 by the US Patent Office
because of their late discovery and patent application date. Finally (it seemed), on
29 November 1971, the board finally awarded priority of invention to the senior
party, Natta et al., and US Patent No. 3,715,344 was issued to Montedison on 6
February 1973. The defeated parties then appealed the decision with a Civil Action
(US District Court of the District of Delaware, Civil Action 4319). In these 1980
hearings, it was concluded that Phillips was entitled to an invention date of no later
than 27 January 1953. The district court also determined that Phillips had proved
that Montedison had “fraudulently withheld information from Patent Office
examiners, and that this fraud was detrimental to Phillips’ case for priority of
invention in the Patent Office”. However, because of the conclusion that Phillips is
entitled to priority on the basis of its constructive reduction to practice, the issue of
Montedison’s fraud would have no effect on Phillips’ entitlement to priority.
Therefore, the court found that the crystalline polypropylene of the interference
count was useful, novel, and non-obvious and therefore patentable to Phillips and

Table 2.1 PP patent filings

Applicant Assignee Filing date
at the US Patent Office " i 1954
between 1953 and 1956 Natta et al. Montedison 8 June 195
Baxter et al. DuPont 19 August 1954
Zletz Standard oil 15 October 1954
Vandenberg Hercules 7 April 1955
Hogan and banks Philips petroleum 11 January 1956
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authorized 15 March 1983 the Patent and Trademark Office to issue the patent to
Phillips."? Phillips was able to collect $300 million in licensing revenues from
polypropylene manufacturers through 1995 [24]—a considerable economic impact!

The entire story and economic impact of the ownership and licensing of poly-
olefin catalysts, including financial details running into millions of US dollars, have
been extensively documented (297 pages) by Dr. Heinz Martin [15]. Dr. Martin
mentions (p 124) that his (Max Planck) institute alone incurred expenses of more
than 30 million Deutsche Marks (approximately US$ 7.5 million at the time) in the
defence of its patent rights and to prosecute infringers. Even after Karl Ziegler had
passed away, Dr. Martin was able to continue the patent and licensing situation in
the USA, which was finally concluded after 45 years, when in 1999 a final set-
tlement of 1.65 million US dollars was agreed with the Formosa Plastics Corp. of
Texas. Among other things, they were able to compel Japanese automobile man-
ufacturers to pay royalties for the period from 1988 to 1995, because their auto-
mobiles which were imported into the USA contained parts made of polypropylene
which was produced in Japan with Ziegler catalysts!

We should perhaps note that US patent law is now internationally harmonized
(since June 1995) and mandates a patent term of 20 years beginning on the date on
which the application is filed, as compared to the previous “l17-year term from
publication, or 20 years from filing, whichever is longer”, so such extended patent
dialogues, as we have seen several examples of in this overview, with their resultant
economic impact, are unlikely to be repeated.

2.9 Other Polyolefins

We have seen the development of the polyethylene industry in 80 years from 1 ton
(1938) to 99.6 m tons (2018E). We saw how the original 1938 commercial poly-
ethylene, low-density polyethylene LDPE, was complemented by the more linear,
more crystalline HDPE which was discovered two decades later and then further
enhanced by the reintroduction of controlled branching, through copolymerization
with up to Cg alpha-olefins, to produce still an essentially linear polymer but with
short-chain branching (from the comonomer inclusion) that gave a lower density
polymer, LLDPE. We will see later that this LLDPE is continuing to take share
even as the total PE volume increases, approaching 1/3 of the total market of
polymers made from ethylene. In parallel, we saw the development of the
polypropylene sector, dominated by the Ziegler—Natta catalysis, which remains on a
fast growth curve and is on track to approach the polyethylene volume within a
decade.

In volume, PE and PP dominate in terms of economic impact. But they are not
the entire story. We look briefly at the other polyolefins, highlighting the aspects of

"2Phillips finally wins its patent—Chemical Week 23 March 1983.
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their development that have special industrial application and economic or com-
mercial impact.

2.9.1 UHMWPE

Ultra-high molecular weight polyethylene is a linear polyethylene manufactured
using a Ziegler—Natta catalyst, but with a molecular weight 10-100 times higher
than conventional low-pressure polyethylene. These are very large molecules
indeed: molecular weights up to 6,000,000 g/mol, a degree of polymerization of
over 200,000, which means a polyethylene molecule with more than 400,000
carbon atoms in the main chain.

UHMWPE was first prepared by Karl Ziegler and commercialized as early as
1955 by Ruhrchemie AG."

UHMWPE has a unique combination of properties, particularly chemical
resistance, lubricity, unmatched toughness, and outstanding abrasion resistance. On
account of the significant polymer entanglement due to the high molecular weight,
it is not conventionally melt processible and is often fabricated by sintering (high
temperature and pressure). Many industrial applications exploit the abrasion
resistance of UHMWPE. A significant application, since the 1960s, when devel-
oped by Prof. (later Sir) John Charnley, has been the use of UHMWPE in hip
replacements, on account of its bioinertness and outstanding abrasion resistance.
This has changed the quality of life for thousands.

2.9.2 Polybutene-1

Polybutene-1, PB-1, or polybut-1-ene is another stereospecific (isotactic) poly-
olefin polymer, discovered by Prof. Giulio Natta in 1954. It is a linear high
molecular weight crystalline thermoplastic polymer, with low density (0.91). The
ethyl side groups create entanglement, which provides for the very good creep
resistance of this polymer, which also has an abrasion resistance comparable to
UHMWPE, and an excellent resistance to chemicals and environmental
stress-cracking.

BSource: US Patent 3254070.
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Polybutene was available as Vestolen BT since 1964 from Chemische Werke
Hiils, who started the first industrial production in 1964 with a capacity of 3000 tpa.
In 1973, Hiils withdrew Vestolen BT from the market after some manufacturing
issues in their polymerization plant. Independently, Mobil Oil in the US developed
their own PB-1 process technology and built a small industrial plant in Taft,
Lousiana, in 1968. In the early 1970’s, the plant was taken over and operated by
Witco Chemical Corporation.

At the end of 1977, Shell acquired the PB-1 business from Witco, including the
Taft plant. Shell then started a major investment programme to improve the product
quality and to increase the production capacity to about 27,000 tpa. This Taft plant
was closed in 2002, after 30 years of PB-1 production. A small Mitsui production
capacity also existed in Japan. In 2004, a 45,000-tonne plant—the largest in the
world—was opened by Basell in Moerdijk, the Netherlands, for less than
$100 million, on the 50th anniversary of PB-1. This plant was debottlenecked in
2008 to reach a nameplate of 67,000 tpa. LyondellBasell Industries are now the
primary supplier of PB-1 worldwide, claiming an 80 % market share, with Mitsui
holding the balance.

Polybutene-1 is a polyolefin with rather specialty/niche applications. A few
examples are pipes for domestic and commercial hot and cold water plumbing and
heating systems. Blended with PE, it forms a two-phase structure which is the basis
of seal peel technology (easy-opening flexible packaging). Hot water tanks are
manufactured by blow-moulding PB1.

In comparison with PE and PP, we can describe PB-1 as “a relatively unexplored
polyolefin”.

It remains relatively in low volume, in the scale of polyolefins that we have
primarily focused on, but provides unique properties and performance, and so
continues with double-digit growth.

Piping is an application example in this polyolefin industry of how legal liability
has had enormous economic impact. Polybutene-1 was introduced to the European
market in the 1960s, has a successful long-term record of service in pressurized hot
and cold water systems, and so is widely recognized by manufacturers and installers
of piping systems in Europe and Asia as the material of choice for these systems. It
remains a growth area for PB1. However, polybutene piping systems were the
subject of a large and lengthy class action legal case in the USA in the 1990s, which
was actually related to the pipe connections and fittings made in acetal resin. The
Polybutene Piping Systems Association (PBPSA) is focussed only on this appli-
cation of PB1 and provides further detail on their Website www.pbpsa.com, where
it is explained clearly that “in view of the outcome of the previous US litigation
process”, PB1 is not promoted (by PBPSA members) for this application in North
America (in spite of historically proven intrinsic suitability).


http://www.pbpsa.com
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2.9.3 TPX®

TPX® is the trade name for the polyolefin poly 4-methyl pent-1-ene.

It was originally manufactured by ICI. In 1975, Mitsui took over the entire
business from ICI and the technology from BP to make the monomer. It is made
solely by Mitsui today. In November 2003, Mitsui increased the annual production
capacity of TPX® at Iwakuni-Ohtake Works from 68,000 tons to 75,000 tons.

A polymer of 4-methyl pent-1-ene was recorded from the earliest days (1953), as
an example of the use of a transition metal catalyst to polymerize olefins.'*

We should note that 4-methyl pent-1-ene is used as a comonomer in some grades
of LLDPE.

TPX has a number of unique properties and features, but it has remained a
specialty engineering polymer. It has the lowest density of any plastic material
0.835 g/em’®. Although crystalline, it is totally transparent due to the amorphous
and crystalline phases having the same density. It has very low surface energy and
outstanding optical and acoustic properties. A current growth area is in films. Mitsui
has a separate tradename Opulent™ for films of poly 4-methyl pent-1-ene.

2.9.4 PolyDCPD

Cyclopentadiene is a major component of the C5 stream of naphtha cracking.
Because it is so reactive, it exists at ambient temperature as the stable dimer,
dicyclopentadiene.

This dimer is the basis of two groups of polyolefin polymers.

The first group consists of amorphous thermoplastic engineering polymers.

These are cyclic olefin polymers (COP) or cyclic olefin copolymers (COC) with
ethylene. They were commercialized, for example, as Zeonex (in 1991) and Zeonar
(by Zeon), as Topas (Polyplastics), Apel (Mitsui), and Arton (JSR). Topas was
originally part of Ticona, before it was sold to Daicel in 2005. A Topas plant with a
capacity of 30,000 tpa started up in Oberhausen, Germany, in September 2000.
Until that time, world capacity from 4 pilot-scale plants was around 10,000 tpa.

Source: US Patent 4376851 Hogan.
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Fig. 2.5 Polymerization of DCPD into pDCPD

These cyclic olefin polymers are high-temperature (T up to 180 °C) polymers
with good chemical resistance, outstanding optical properties, and low moisture
absorption.

The early promise for COC was as a lower cost alternative to polycarbonate in
optical discs, but commercialization was slow and that market has now all but
disappeared.

A second group of polyolefins is made from dicyclopentadiene monomer
directly, but they are thermoset polymers, processed using resin transfer moulding
RTM or reaction injection moulding RIM, potentially and typically into large
components in transportation (car body parts), or energy (wind turbine blades).
These polyDCPD polymers are made using ring-opening metathesis polymerization
(ROMP) using a Grubbs’ catalyst. The process of making pDCPD is also said to be
more environmentally friendly, and involving less steps, than that of making the
traditional thermoset epoxy resin. Strictly speaking, they are outside the scope of
this chapter, but remain a polyolefin with potential (Fig. 2.5).

2.10 The Development of the Polyolefin Industry

The economic impact of polyolefins can also be assessed by the development of the
polyolefin industry—this industry is an aggregate of the companies that pioneered
these materials, and the corporations that they became, or merged with. Many of the
pioneering companies’ names no longer exist, although new players claim their
inheritance.

We have seen, as we have reviewed the development of polyethylene and
polypropylene, that the commercialization, development, and manufacture of these
and related polymers have involved a variety of industrial enterprises. These have
been classically chemical companies (such as ICI, BASF, DuPont) diversifying into
polymers; petrochemical companies moving downstream (Phillips, Standard Oil,
Aramco); and other companies seeking radical diversification (W.R. Grace being an
example of this, now boldly moving into polyolefin catalysts with their recent
acquisition of the Unipol™ PP catalyst technology from Dow).

Over 80 years, we have seen significant activities in terms of mergers and
acquisitions (M&A), asset swap, new entrants, industry consolidation, geographical
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diversification, the search for lower cost bases, or low-cost or available feedstock.
Other drivers have been the globalization of trade and business, the opportunity to
participate in emerging and fast-growing markets, as well as the globalization of
industries that are primary consumers of plastics, such as the automotive (car) in-
dustry and first tier FMCG companies such as P&G and Unilever. We see examples
of the drive for product diversification and portfolio extension, often followed by a
focus on core business and divestment of products that are no longer part of the
perceived core business strategy.

Within the scope of this chapter, it is only possible to give some selective
examples of this extensive global industrial development, not to provide an
exhaustive treatment, description, and analysis.

Below, we give some descriptive examples of the development of the polyolefin
industry from the perspective of individual companies, some of whom have
remained in polymers but have largely exited their early polyolefin activities (such
as DuPont), no longer even participate in the industry of which they were an early
member (such as Hoechst AG or Monsanto, which went on to become a life science
or agricultural company, respectively) or were a founding member, but no longer
even exist (ICI being a prime example).

Anyone entering the polyolefin industry today, and seeing the major players of
today, would be unaware of the trauma and change that this industry has seen,
particularly in the last 30 years.

One way to describe the polyolefin industry today is to look at the main polyolefin
producers. The (2013) Fig. 2.6 shows the top 15 polyolefin producers in the world.

By “recognizable name”, only two of the early players in the polyolefin
industry are listed: ExxonMobil—formerly Exxon, previously Esso, previously
Standard Oil (S5.0.)—at the head of the list; and Chevron Phillips, which was
formed 1 July 2000 by merging the chemical operations of Phillips Petroleum
Company and Chevron Corporation. Dow Chemical purchased Union Carbide
Corporation for $9.3bn in 2001 and through that acquisition can claim to have been
an early participant in this polyolefin industry (recalling that Union Carbide was
rapidly developing ICI low-density polyethylene plants during WWII under
sub-licence from DuPont).

LyondellBasell, the third largest polyolefin company in the world, has accu-
mulated a rich heritage from the polyolefin industry through a complex history, and
moreover, its formation from Basell and Lyondell in 2007 is one of the industrial
deals that has made considerable economic impact. We briefly trace the Lyondell
and Basell streams from the earliest days and then look at the trauma of formation,
bankruptcy, and emergence as a major high-performing polyolefin producer.
Figure 2.7 attempts to capture the history and ancestry and mergers related to
LyondellBasell in one image.

We can start one thread in 1955, when the Texas Butadiene and Chemical
Corporation bought the Lyondell Country Club in Channelview, Texas, and built a
plant on that site. Sinclair Petrochemicals then purchased the Channelview site in
1962. Atlantic Refining Company and Richfield Oil Corporation formed Atlantic
Richfield (ARCO) in 1966, which merged in 1969 with Sinclair, so the Channelview
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plant then became a part of ARCO Chemical Company [25]. In 1985, Atlantic
Richfield Company (ARCO) separated its olefins operations from ARCO Chemical
Company, forming a new subsidiary, finally renamed Lyondell Petrochemical
Company, 50 % of which was sold to the public in a $1.4 billion IPO in 1989 [26].

The next year, 1990, Lyondell purchased, from the Rexene Products Company,
the low-density polyethylene and polypropylene plants built in Bayport, Texas, by
El Paso Products Company in the 1970s. In 1995, the Alathon® HDPE business
was acquired from Occidental Chemical Corporation for $356 million. In 1997,
Lyondell combined its petrochemical and polymer businesses with those of
Millennium Chemicals (which itself had recently been formed from the Quantum
Chemical Company, which had been the largest producer of polyethylene in the
USA) to form Equistar Chemicals as a joint venture. Occidental Chemical’s
petrochemical business became the third part of Equistar in 1998.

As a result of the merger, Equistar controlled $7 billion in assets with pro forma
sales in 1997 of $6 billion. It was now North America’s largest olefins producer and
the second largest in the world. Lyondell acquired ARCO Chemical in 1998 for
$5.6 billion, and the company changed its name to Lyondell Chemical Company.
Lyondell bought the Occidental Stake in Equistar in a $400 m stock deal in 2002, and
in 2004, Lyondell acquired Millennium, thus gaining 100 % ownership of Equistar.

Three tributaries flow into the Basell stream. We should perhaps start with
Montecatini, to whom Natta assigned his PP patents, Montecatini merged with
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Fig. 2.7 The historical development of LyondellBasell

Edison and became Montedison in 1967. Hercules Powder Company merged their
PP interests with Montedison in 1983, to form Himont, which later merged with the
PP interests of Shell in 1995 to form Montell.

The second tributary is the PP thread from the early days of polypropylene at
BASF, and the 1994 acquisition by BASF of the 300,000-ton PP business from ICI
(who had already exited PE in 1982, when it swapped its PE business for the PVC
business of BP), which acquisition doubled the size of the BASF PP business to
600,000 t. BASF merged their PP business with that of Hoechst in a venture called
Targor, in 1997.

A third tributary is the polyethylene business Elenac, formed in 1998 by the
merger of the polyethylene interests of BASF and Shell.

These three—Montell, Targor, and Elenac—came together as the Dutch-based
company Basell in 2000. Basell was then the world’s largest polypropylene maker,
with 7.8 million tons of annual capacity, and the largest polyethylene producer in
Europe. Basell was also a world leader in polypropylene licensing; 40 % of
installed capacity worldwide used Basell technologies, such as Spheripol.

Basell lost money in two of its first three years of operation, but in 2004,
generated profits of about $175 million on sales of $8.2 billion.

In late 2005, Access Industries, a privately held industrial group founded and led
by Ukrainian-born, Harvard-educated financier Len Blavatnik, purchased Basell in
a $5.4 billion 80 % leveraged buyout, putting down $1.1 billion in the deal. This
was the largest leveraged buyout that the chemical industry had seen. Over the two
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years from acquisition until December 2007, $463 million of cash was withdrawn
from Basell in the form of dividends and management fees.

In 2006, Basell was the world’s largest producer of polypropylene and of
polyethylene, and a global leader in the development and licensing of polypropy-
lene and polyethylene processes, and catalysts.

The next stage is what has become known as “The Lyondell Play”. In July 2007,
Blavatnik proposed to acquire Lyondell at $48 per share, a 45 % premium on the
share price on 16 July 2007. Including the $12.2 billion to purchase these shares, a
total funding of $21bn was required. Pursuant to the merger agreement, on 20
December 2007, LyondellBasell Industries (LBI), the third largest chemical com-
pany in the world, were formed by this merger of Basell and Lyondell.

In 2008, the revenue of LBI was $50.710bn with an EBITDA of $3.398bn.

It was the merger timing that was unfortunate—LBI had an enormous debt
($23.6bn), at a time when the Lehman Brothers collapse in September 2008 was
precipitating a global financial crisis. Because some of the debt was asset-backed,
eroding inventory values resulted in a severely diminished borrowing base and
triggered LBI’s obligation to repay the lenders. Lack of liquidity meant that
repayments were increasingly difficult, and LyondellBasell filed for Chap. 11
bankruptcy protection on 6 January 2009.

Chapter 11 enabled a “fresh start” for LBI on many fronts, and LBI was able to
exit from Chap. 11 on 30 April 2010 with a “favourable capital structure”.

LBI was also well placed to benefit from the emergence of low-cost shale gas
(ethane) at that time, to feed the six crackers it had in the USA. They were con-
verted for minimal capital investment, to be able to run 90 % of the time on ethane.

Quickly recognizing and taking advantage of this new feedstock opportunity
significantly improved margins and profitability, such that other investors are chal-
lenging companies like Dow, asking why they are not performing as well as LBI.

LyondellBasell was listed on the New York Stock Exchange starting 14 October
2010, opening around $27. In September 2014, a peak of $115.40 was achieved.

Figure 2.7 shows the polyolefin thread of the historical development of
LyondellBasell.

2.10.1 The Development of the Polyolefin Industry
in the Gulf Cooperation Council (GCC)

We have looked in some detail at how the polyolefin industry has developed from
those who originated it. We now turn to the GCC region, which has developed a
polyolefin industry from nothing in the last 20 or 30 years. There is a major
polyolefin industry in Saudi Arabia, but within the constraints of this chapter, we
have selected two examples, and for each, we illustrate the progress and status
through a chart similar to the one we prepared for LyondellBasell Industries. The
first is Qatar, the first GCC country to have a polyolefin industry. The second is the
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UAE, where the sovereign wealth fund has acted strategically and boldly, and has
created a polyolefin group with global and regional impact.

2.10.2 Qatar

The State of Qatar was the first GCC state to have a polyolefin industry. The first
production of polyolefin in the GCC was an LDPE plant inaugurated by QAPCO in
1981. In Fig. 2.8, we attempt to show in one image the historical development and
ownership of this polyethylene industry. The strong French partnership is evident.
The outcome, after 35 years, is the emergence of a major plant for each major kind
of polyethylene.

2.10.3 The United Arab Emirates (UAE)

The International Petroleum Investment Company (IPIC) is the long-term strategic
investment arm of the government of Abu Dhabi, established by the visionary
Sheikh Zayed 30 years ago. In the last 20 years, IPIC has purchased, developed,
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Fig. 2.8 Development of the polyolefin industry in the State of Qatar
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Fig. 2.9 Development of the polyolefin industry in the UAE

and nurtured a portfolio of companies in the polyolefin industry. Today, the IPC
portfolio consists of Nova Chemicals, Borealis, and Borouge. Little effort seems to
have been made in the 5 years since acquiring Nova to integrate it within the
Borealis/Borouge sphere, or develop any synergy between these three companies
(Fig. 2.9).

2.11 Industrial Economic Impact

We have seen how the economic impact of polyolefins can be assessed by the
development of the polyolefin industry, in terms of company development and
merger and acquisition activity. Numerous M&A transactions have cumulatively
resulted—from the time perspective of decades—a radical transformation and
reshaping of the industry.

One characteristic of the polyolefin industry is that it is capital-intensive. This is
a dimension of economic impact—the amount of money to be invested to create
this industry. Unlike the downstream polymer processing and converting industry
(where the classical start-up might be imagined as one small moulding machine in a
garage), even the smallest polyolefin manufacturing process (the Hiils PB-1 plant at
start-up was just 3000 tons per annum) involves capital investment in the order of
millions of dollars.

World-scale plants today for PE and PP are very much bigger than when the
industry started, of course, by more than three orders of magnitude. Recall that the
earliest ICI LDPE plants were 100 tons per annum! The first 1957 polypropylene
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plant was 6000 tons per annum. By 1965, typical new polyolefin plant capacities
were 10,000 tons per annum; in the early 1970s, around 25,000 tons per annum,
and by 1985, we were at 80,000 tons. By 1990, 100,000 tons per annum was the
norm, increasing to 300,000 tons by 2000. The newest plants being built now are
more than 450,000 and up to 750,000 tons per annum.

Despite these changes in production capacity, the basic process for making
polyolefins has really changed little since 1960 [27]. What has happened is that the
cost per unit of output has been reduced through the massive increase in the scale of
the plant. In addition, improvements in process, process control and automation,
process equipment, and catalyst technology have all contributed to lower polymer
conversion cost, and improved and more consistent product quality.

In spite of significant capital investment (we now need to think in the investment
range of $500-1000 million per world-scale state-of-the-art plant), these highly
automated plants provide only minimal employment opportunities. They offer
interesting, challenging, demanding, and well-paid positions, but relatively few of
them, and only for appropriately qualified and experienced professionals. The
polymers, if converted locally, provide many further opportunities for employment,
so that the plant and its downstream value chains make a significant contribution to
the local economy, whether through local consumption or for export.

How many of these polyolefin production plants have been installed since the
beginning of this industry? One way to develop the answer to this question, which
we do not pursue in depth here, is to follow the technology licensors. For example,
we know that ICI were active in licensing LDPE and that by 1977, they had 23
licensees, and a total installed capacity of 812,000 tons. However, their founding
technology was based on the stirred tank reactor (autoclave), and this could not be
scaled up in the same way that tubular reactors, developed by others, could. By
1980, ICI had lost the “first producer advantage”, had not led the way in technology
development, and in 1982, exited the PE business.

It is estimated (GEM-CHEM) that there are 170 polypropylene sites and 376
polyethylene plants, worldwide. We have seen above that the additional polyolefins
(polybutene-1, TPX, pDCPD) are made in only a handful of plants around the
world, so it is likely that there are over 500 plant sites around the world producing
polyolefins.

2.12 Globalization, Feedstocks, and Feedstock Availability

The synthetic polymer industry started in 1910 when the thermoset moulding resin
Bakelite® was commercialized and has become a global industry in the intervening
100+ years. The synthetic thermoplastic polymer industry started in Europe and
developed in Europe and the Americas and Japan. Then, there was a shift of
production and consumption to Asia-Pacific, particularly China, and a shift in
production to the Middle East, in the last 30 years. The polyolefin industry has
perhaps even led this shift. Five of the major polyolefin producers (in the list of the
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top 15, we saw previously) are from Asia-Pacific, and three of them are based in the
Middle East. That is a radical reshaping of the industry. This globalization is an
irreversible process.

The shift to Asia is now supported by local regional demand, not just driven by
the availability and low cost of labour, so we do not expect to see anything but an
increasing demand from this region, as the per capita income increases, the middle
class develops, and consumer expectations increase in these populous nations.
China became the world’s largest market for polymers as far back as 2002 and as of
2013 has a share of 30 %, compared with just 6 % back in 1983. The rest of
Asia-Pacific accounts for another 15 %.

However, the shift of production to the Middle East was driven almost entirely
by the availability of abundant and low-cost feedstock and investment capital,
supplemented to a small extent by low-cost energy, but not by regional demand.
The Middle East industries are still primarily export driven. Now that hydrocarbon
feedstocks are less available in the Middle East, the capital will in future seek out
alternative feedstocks based on cost and availability.

We see two feedstock factors already at play. First, we saw how the availability of
low-cost ethane (shale gas) dramatically improved the economic performance of LBI
after emerging from Chap. 11. We did not so far discuss Ineos, but they were, at a
similar time, also heading for financial difficulties, after their $9bn acquisition of
Innovene, which immediately resulted in a downgrading of their credit rating because
of the leverage. Shale gas was also their saviour. It is clear that the availability and low
cost (not as low cost as the Middle East, but 1/3 or 1/4 of what it was in North America
not so long ago) of feedstock are drawing investment and have led to some
moth-balled crackers being returned to operation. That story has only just begun and
may soon build a momentum and investment direction for the next decade.

The second feedstock factor is the use of coal in China. The quantity is vast and
the cost is low, both of these positive factors being offset by logistics (it is stranded
coal) and concern about the quality of both the feedstock and the impact of the low
quality on the environment. Oil has been the feedstock of choice for most of the
world since WWII or earlier, except for a few countries, notably South Africa where
political factors forced the development of an entire chemical industry based on
coal. It has been remarkable to see the development of a chemical industry in China
based on coal in perhaps just 10 or 15 years. “Coal to olefins” (CTO) is a reality
there. Synthesis gas is produced from coal and then used to make methanol, which
is then converted to olefins (ethylene or propylene). Coal to olefins is happening
fast in China, it is happening widely (over three dozen projects are described), and it
is likely to be as significant or more significant than the North American shale gas
phenomenon.

Both of these trends— shale gas and coal to olefins—will likely be impacted by
the recent (2014) drop in oil price from over $100/barrel, down to (almost)
$45/barrel. Such very low oil prices make shale oil, shale gas, and deep sea drilling
less attractive or even uneconomic.

Other feedstocks are there. Some polyethylene is made now in Brazil from
ethylene made from ethanol from sugar cane. That is marketed and touted as though
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it is a revolutionary step forward. In fact, it is just returning to the roots, but perhaps
that is unknown to many. The very first polyethylene made at ICI in 1933 was made
from ethylene that was made by dehydrating ethanol produced by the fermentation
of molasses. The tar sands continue to be an alternative hydrocarbon source, even if
it is not daily in the headlines. Almost no one is looking at the 20 gigatons of
methane hydrate in the oceans or tundra.

Although it is said (for example in Saudi Arabia) that there is no natural gas
available anymore, that is, at best, an inaccuracy. The fact is about 3/4 of the natural
gas available in Saudi Arabia is burnt in power stations, rather than turned into
valuable petrochemical feedstocks and specialty materials. The industry needs the
critical feedstock for growth, and if the feedstock is not available in adequate
quantities, investors will take that industry to an available feedstock source.

2.13 The Future of the Polyolefin Industry

From the materials point of view, we have clearly seen that both the total poly-
ethylene and the polypropylene industries are still on an ascending curve, far away
it seems from a plateau in terms of growth. This is clear from production forecast
data in Figs. 2.2 and 2.3 discussed earlier in this chapter.

Indeed, it seems that PP, even as the latecomer, may be developing more rapidly,
and we suggested that in perhaps another decade, we might see both industries of a
similar size.

By then, we will have a polyolefin industry of over 200 million tons and a value
above $250 billion.

The profile of the polyethylene industry itself is likely to change, in line with
trends that are well developed. LLDPE continues to take share, whilst LDPE still
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Fig. 2.10 Evolution of the polyethylene industry by PE type up to 2018
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continues to grow absolutely albeit slowly from a large base. The evolution of the
polyethylene industry from 1970 with an estimate forward to 2018 is shown in
Fig. 2.10.

We expect that by the end of this decade, LLDPE may comprise fully 1/3 of the
PE industry.

2.14 Concluding Remarks

We have considered the historical development of polyolefin polymers, looking in
some detail at those who were at the forefront of this industry—some by purpose
and intent, quite a number by serendipity and chance. We have explored some
examples of how companies and countries have developed their polyolefin position
and heritage.

We noted that the polyolefin industry developed at the same time and in parallel
with the scientific recognition of polymers as giant molecules. We identified early
on what have become important drivers to this day for the growth of the polymer
and polyolefin industry—such themes as materials substitution; such activities as
product and application development, achieved through understanding customer
needs as well as the properties, processing and economics of the polymers.

We touched on various aspects of intellectual property such as patents and
licensing, and how they determined the development and more importantly own-
ership of the new technologies.

Globalization and changes in geographical and regional importance were iden-
tified. Feedstocks—changes in the variety, the availability, and the economics—
were found to be remain a fundamental driver for the polyolefin industry, and we
noted that we are at several critical junctures on this topic, as we write.

The polyolefin industry is capital-intensive, for building plants, developing and
upgrading them, and for investment in research, technology, and innovation for a
competitive future. This industry itself provides promising and challenging careers
and employment opportunities, and the associated downstream value chain—
polymer conversion and processing—provides additional and more numerous
employment opportunities.

Polyolefins have had a great economic and global impact as was demonstrated in
this chapter. They continue on a strong growth curve, and we expect that they will
have even a greater impact in the future. We concur with this statement:

Polyolefins are indispensable in our daily lives (Borealis 2014)

We trust that you have seen and observed that polyolefin polymers are indeed
now ubiquitous and indispensable in every aspect of our lives, and we hope that
you have enjoyed this unique and unusual journey with us, as we have illustrated
the development and economic impact of this vast polyolefin industry from its
inception about 80 years ago, as much as we have been enriched as we have
developed it for you.
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US Patent 2816883

Product and process of polymerizing ethylene

Arthur W. Larcher and Donald C. Pease

E. I. du Pont de Nemours & Co., Inc.

Filed 2 August 1951, Published 17 December 1957
Continuation-in-part of application 739,264, filed 3 April 1947
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Priority date 4 February 1936, Published 11 April 1939

US Patent 4076698

for what we now call LLDPE

Arthur William Anderson, Gelu Stoeff Stamatoff

DuPont

Filed 4 January 1957, Published 28 February 1978
Continuation-in-part of application 568,707, filed 1 March 1956

US Patent 3012023

Production of Olefln Polymers

John Macmillan Bruce, Nicholas George Merckling, William Lawrence Truett,
Arthur William Anderson

E. I. du Pont de Nemours and Company

Filed 25 January 1955, Published 5 December 1961

US Patent 3541074

Olefin polymerization catalysts comprising divalent titanium and process for
polymerization of ethylene therewith

Arthur William Anderson, John Macmillan Bruce Jr, Nicholas George Merckling,
William Lawrence Truett

I. du Pont de Nemours and Company

Filed 16 August 1954, Published 17 November 1970

US Patent 2692257

Ethylene polymerization with conditioned alumina-molybdena catalysts
Alex Zletz

Standard Oil Company of Indiana

Filed 28 April 1951, Published 19 October 1954

Max Fischer, German Patent 874,215, Published 20 April 1953

US Patent 2699457

Polymerization of ethylene

Karl Ziegler, Hans-Georg Gellert

Filing date 19 June 1951, Publication date 11 January 1955
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German Patent 973626

Verfahren zur Herstellung von hochmolekularen Polyéthylenen
Process for Preparing High-Molecular Polyethylenes

Karl Ziegler, Heinz Breil, Erhard Holzkamp, Heinz Martin
Filed 18 November 1953, Published 14 April 1960

US Patent 2825721

Polymers and production thereof

John Paul Hogan, Robert L. Banks

Phillips Petroleum Company

Continuation-in-part of application Serial No. 333,576, filed 27 January 1953
Publication date 4 March 1958

US Patent Application WO 9623010

The following US patents are all divisionals of that initial broad US filing.

As a result of the procedures to handle divisional cases in the US Patent Olffice, they
all contain the same examples though the claims (which are of interest to the
community of those who patent) will be different.

With some indication of the claims, the divisionals are as follows:

(a) Arthur, S. D.; Bennett, A. M. A.; Brookhart, M. S.; Coughlin, E. B.; Feldman,
J.; Ittel, S. D.; Johnson, L. K.; Killian, C. M.; Kreutzer, K. A. U.S. Patent
5866663, Feb 2, 1999 to DuPont (Polymerizations).

(b) Brookhart, M. S.; Ittel, S. D.; Johnson, L. K.; Killian, C. M.; Kreutzer, K. A.;
McCord, E. F.; McLain, S. J.; Tempel, D. J. U.S. Patent 5880241, May 3,
1999 to DuPont (Polymer compositions).

(c) Brookhart, M. S.; Johnson, L. K.; Killian, C. M.; Wang, L.; Yang, Z.-Y., U.S.
Patent 5880323, March 9, 1999 to DuPont (R-Olefins).

(d) Arthur, S. D.; Bennett, A. M. A.; Brookhart, M. S.; Coughlin, E. B.; Feldman,
J.; Tttel, S. D.; Johnson, L. K.; Killian, C. M.; Kreutzer, K. A.; Parthasarathy,
A.; Tempel, D. J. U.S. Patent 5886224, March 23, 1999 to DuPont (Ligand
compositions).

(e) Arthur, S. D.; Brookhart, M. S.; Johnson, L. K.; Killian, C. M.; McCord, E. F.;
McLain, S. J. U.S. Patent 5891963, April 6, 1999 to DuPont (Copolymers)

US Patent 4376851

High density, heat resistance polypropylene

John P. Hogan, Robert L. Banks

Phillips Petroleum Company

Continuation-in-part of applications Serial No. 333,576, filed 27 January 1953
Publication date 15 March 1983

US 4342854

Solid polymers of 4-methyl-1-pentene

John P. Hogan, Robert L. Banks

Phillips Petroleum Company

Continuation-in-part of applications Serial No. 333,576, filed 27 January 1953
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Publication date 3 August 1982

US Patent 3112300

Isotactic polypropylene

Natta Giulio, Pino Piero, Mazzanti Giorgio

Montecatini-Societa Generale per lIndustria Mineraria e Chimica

Priority date 8 June 1954 on the basis of an Italian application filed on that date
Published 26 November 1963

US Patent 3112301

Prevailingly Isotactic polypropylene

Natta Giulio, Pino Piero, Mazzanti Giorgio

Montecatini-Societa Generale per lIndustria Mineraria e Chimica

Filed 8 June 1954 on the basis of an Italian application filed on that date
Published 26 November 1963

US Patent 3113115

Polymerization catalyst

Ziegler Karl, Breil Heinz, Martin Heinz, Holzkamp Erhard
Priority date 19 January 1954

Published 3 December 1963

US Patent 3715344

Regular linear head-to-tail polymerizates of certain unsaturated hydrocarbons and
filaments comprising said polymerizates

G Mazzanti, G Natta, P Pino

Priority date 8 June 1954

Published 6 February 1973

US Patent 2691647

Conversion of ethylene and/or propylene to solid polymers in the presence of group
6a metal oxides and alkali metals

Field Edmund, Feller Morris

Standard Oil of Indiana

Priority date 6 December 1952

Published 12 October 1954
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Chapter 3
Olefin Polymerization

Hani D. Tabba, Yousef M. Hijji and Adnan S. Abu-Surrah

3.1 Introduction

Polyolefins are among the top 10 products in chemical industry. The annual
production of polyethylene (PE) and polypropylene (PP) occupies 50 % of plastic
production worldwide and will be 60 % upon including polystyrene. The annual
production of PE and PP is estimated to exceed 130 million tons as they are the
most widely used polymers in the world. They are commonly produced using
Ziegler- and chromium-based catalysts. The continued increase in global produc-
tion and consumption (about 7 % annual increase) of polymeric and petrochemical
materials in the last two decades has resulted in widespread academic and industrial
research activities, particularly in the field of polyolefins [1, 2]. During the last few
decades, development of knowledge in olefinic polymers passed through several
distinct periods. This chapter will be concerned with the comprehension of the
developing chemistry of olefin polymerization in some details.

3.2 Principles of Polymerization

The basic implication for occurrence of polymerization is to have a monomer
capable of linking by chemical reaction. Keeping this concept into account, many
polymers comprising various properties have been prepared. Addition polymer-
ization processes can take place through more than one type of mechanism based on
the initiator. In the addition polymerization, the produced polymers have identical
empirical formula to that of the monomers from which they are formed.
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The more commonly used descriptive name “chain-growth polymerization” is
given to these addition polymerization synthetic methods.

In this polymerization, chain will grow after an initiating step. As a result, a
macromolecule with a reactive end-group that can be an anion, radical, or cation is
formed. In the sections below, the detailed mechanism for each type of polymer-
ization will be discussed.

3.2.1 Free Radical Mechanism

A free radical is a short-lived intermediate. It is a species possessing an unpaired
electron due to deficiency of one electron and usually results from homolytic
cleavage of a covalent bond or addition of radical to a multiple bond. A typical
carbon radical is sp” hybridized with the unpaired electron in the perpendicular
unhybridized p-orbital.

Radical polymerization is the most widely practiced method at the present and in
the old times [3]. It is commonly adopted in polymerization of olefins because C=C
bond is most susceptible to be attacked by a radical during polymerization. This
would result in a new radical active center (then the process will go on and on), as
demonstrated in Scheme 3.1.

With every addition of radical to an olefinic monomer, the radical active center is
transferred to a newly formed chain end [3, 4].

As of 1990, this conventional free radical polymerization is developed to the
newer reversible deactivation radical polymerization. More details of each will be
discussed here.

3.2.1.1 Mechanism of Conventional Free Radical Polymerization

This method is divided into three distinct steps, namely initiation, propagation, and
termination [5].

(A) Initiation
It mainly comprises the formation/creation of the free radical active center by
the addition of radical initiator to the monomer molecule. The following list of
reactions shows the formation method of most commonly used radical
initiators.

e . R R
> =f\\ — —\/C/\E/ - —\/cf/\(::%\./R
R H

Scheme 3.1 Free radical polymerization propagation step
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Scheme 3.2 Free radical initiators through thermal homolytic cleavage

(i) Homolysis (thermal homolytic cleavage)
This process takes place under the influence of heat (thermolysis) or
ultraviolet radiation (photolysis). The most common examples are shown
in Scheme 3.2.

(ii) Photolysis (photochemical initiators)
Homolytic bond cleavage could be brought about through ultraviolet
radiation rather than heating, and examples are shown in Scheme 3.3.

(iii) Redox reactions (single-electron transfer)
This process is usually adopted when heating or photolysis is not
appropriate. Free radical is produced through a redox reaction including
an electron transfer process (see Scheme 3.4).
Redox reactions are also observed when (Fe*™ or Co*") is added to
peroxides or hydroperoxides.
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Scheme 3.3 Radical initiators produced through photolysis
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Scheme 3.4 Radical initiators through single-electron transfer

(B)

©)

The generated radical initiator now attacks the olefinic monomer so that it
adds to the least hindered carbon and produces the more stable radical.
Steric and mesomeric (electronic) effects contribute to location of radical
addition as demonstrated in the following diagram:

|
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Propagation

This step involves a fast sequence of monomer additions leading to molecular
growth and eventually to polymer. Several thousands of monomers can be added
in few seconds to ethylene (a) or higher alkenes (b) as shown in Scheme 3.5.
Termination

Termination process can take place via either (a) coupling of two macroradicals
or (b) disproportionation reaction, thus destroying the active center. Coupling
of two growing chains would lead to a single linear polymer chain both with
initiator fragment and with the other chain end, as shown in Scheme 3.6.
Chain termination can also occur through chain transfer mechanisms by which
the radical electron is transferred to other chain or molecule in the reaction
medium.

Detailed strategies for performing industrial free radical polymerization are
beyond the scope of this chapter.
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Scheme 3.6 Chain termination reactions

3.2.2 Ionic Polymerization

In this type, olefinic polymerization proceeds via ionic active center. Ionic active
center could be cationic or anionic depending on the stabilization affected by
substituent. Stabilization can take place by inductive and/or mesomeric effects.
Cationic active center will be stabilized by electron-donating substituents that
delocalize positive charge, while anionic active center is favored with
electron-withdrawing or electronegative substituents which delocalize negative
charge as shown in the following (a) carbocationic and (b) carbanionic structures:
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H2 + H2 _
—C _C\JH —C —CH
X X
X = e donating X = e” withdrawing
carbocation carbanion

Both cationic and anionic polymerization can be utilized when substituent on
active center is capable of delocalizing both positive and negative charges (e.g.,
styrene and 1, 3-butadiene). The counterion in ionic polymerization has a signifi-
cant effect on the stereochemistry of the resulting polymer.

Termination step of ionic polymerization takes place through a different path
from that of radical polymerization. The following discussion will shed some light
on ionic polymerization.

3.2.3 Cationic Polymerization Mechanism [6, 7]

A)

(B)

©

Chain initiation

The cationic active center will be the product of adding an electrophile to the
alkylated olefin (e.g., adding H* from sulfuric or perchloric acid) as initiator.
More commonly used initiators are Lewis acids such as AICl;, BF;, or SnCl,
which are used with water or alkyl halide.

H20+ BF3 ——— H+(BF30H)-
RX +AXg — = RYAIX,

Chain propagation:

An attack on the olefinic monomer by the electrophile (H" or R*) will generate
the cationic active center (carbocation). The addition of the electrophile is
oriented toward production of the more stable carbocation (Markovnikov
orientation) as given in Scheme 3.7.

Chain termination step:

Chain reaction termination could be accomplished by two plausible mecha-
nisms, namely

(a) removal of vicinal hydrogen to give terminal C=C bond at the end of the
polymer

Ry

H Ri
H -
——c'—Cc—r, —> + HA
@ -
A R,
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Scheme 3.7 Chain propagation step in cationic polymerization

(b) chain transfer of vicinal (H") to a molecule of the monomer which results
in the formation of monomer carbocation according to the following

equation:
R
Hy 1 H F H R R
—C — _Rg + —_— —_— -
o 5 = weds
H R A R» Ro

3.2.4 Anionic Polymerization

Bases were used as polymerization catalyst since early days of polymerization
studies, but showed limited usefulness due to the encountered low extent of
polymerization. Reaction conditions are adjusted to enhance living anionic poly-
merization as applied to styrene in liquid ammonia through initiation by K*NH, .
Addition of the K* NH,~ to olefinic part of the monomer generates the intermediate
carbanion which propagates until termination is attained by abstraction of proton by
the anion from the ammonia. If this type of termination occurred fast, then a limited
polymerization process would be attained as shown in Scheme 3.8.

In the absence of ammonia, the carbanionic polymer would stay alive and will
grow again if more monomer is added. Butyl lithium was also used as initiator for
anionic polymerization by adding the Bu™ to the vinylic group of styrene (using
THF as solvent would coordinate with Li* ion).
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Scheme 3.8 Anionic polymerization mechanism

In the termination step, the living carbanionic polymer can be deactivated by
proton abstraction from protic solvent, by which process the end of the polymer is
saturated.

—CH,-CHR + R-OH ————» —CH,CH,-R * ROLI'
Li"

Another way to deactivate carbanion is by reaction of the carbanion with carbon
dioxide and dilute acid to give carboxylic terminal group or by reaction with alkene
oxide (epoxide) to give a terminal alcohol.

—CH,-CH-R —CHy-CH-R
c=o CH,CH,OH
HO

3.3 Stereochemical Implications and Tacticity

Polymerization of olefins results in the variation of geometrical and configurational
arrangements (named tacticity) [8]. Having control of these arrangements is an issue
of particular importance because tacticity affects the physical properties of the
polymer.

Atactic polymers are generally amorphous, soft, and flexible. Isotactic and
syndiotactic polymers on the other hand are more crystalline (less flexible).

When the monomer comprises an olefinic carbon attached to two different
groups (R and H), a chiral carbon will result upon polymerization. The groups R
and H in the polymer can have either one of the two arrangements.
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Upon polymerization, the resulting type of isomeric form (of the repeating
monomer) will be important and might lead to any of the three modes of tacticity,

3 Olefin Polymerization
H R

namely
1. Isotactic: In this mode, all repeated units show same configuration.

Syndiotactic: Configuration of repeated units alternates between unit and the

2.
next in a synchronized manner.
H

R

R H

% %
2 2
~ %

H
2
2
~,

H

=
<
=
=

H H

H
3. Atactic: In this mode, configuration of repeated units is placed randomly (ir-

regularly) in an unpredictable manner.
H RRygRHHRHR

In commercial application of polymers, isotactic is the most desired mode due to
its crystalline nature and good mechanical properties (e.g., propylene). The atactic
analogue with its irregular structure is found as amorphous material, waxlike (not

very useful mechanical properties).
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When the counterion is strongly coordinating with the active center of polymer’s
terminal unit and the incoming monomer, isotactic polymer will be more favored.
This task is hard to achieve when nonpolar monomers are incorporated. Polarity is
attained when cationic or anionic polymerization mechanism is adopted. It is also
useful to employ nonpolar solvent at low-temperature conditions. Polar solvents
would disrupt coordination and consequently lose stereochemical control leading to
syndiotactic or atactic polymer.

3.4 Stereo Chemistry of Conjugate Diene Polymerization

Conjugated dienes upon polymerization would result in either cis or trans isomeric
polymer. One of the most important examples of this class is isoprene. Example of
these isomeric polymers is shown in Scheme 3.9.

Natural polymerization of isoprene (natural rubber) produces the less symmet-
rical cis isomer as can be seen in the up- and down-orientation of the methyl
group. This will result in the amorphous natural rubber. The synthetic more sym-
metrical trans isomer is a crystalline hard and rigid solid and will be obtained upon
polymerization at low temperature. This transoid geometry is more stable than the
cisoid due to the existence of the methyl group which facilitates the addition upon
trans orientation.

CH,

H CHs
Cis Trans
Anionic isoprene polymerization using nonpolar solvent and Li* counterion

leads to predomination of the cis polymer. This is due to the formation of the
coordinated intermediate shown below:

HsC
A\ — cis 1,4-polyisoprene

X X
Isoprene

trans 1,4-isoprene

Scheme 3.9 Cis and Trans isomeric polymers of isoprene
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Coordination effect on stereochemistry of polymers inspired scientists to look for
various catalysts that would result in a selected type of polymer. In the following
section, the application of transition metal-based catalysts in polymerization of
olefins will be demonstrated.

3.5 Coordination Polymerization

Coordination polymerization of olefins was first proposed in 1956 for the unusual, at
that time, low-pressure polymerization of ethylene and polymerization of propylene
with the transition metal catalysts discovered by Ziegler in 1953, and for the ferric
chloride catalyzed ring-opening polymerization of propylene oxide to crystalline
polymer reported by Pruitt et al. in a Dow patent. Polymerization carried out in the
presence of a coordination catalyst is referred to as “coordination polymerization”.
This term is used when each polymerization step involves the complexation of the
monomer before its enchainment at the active site of the catalyst [9].

The majority of polyolefins is produced with titanium (Zeigler catalysts) and
zirconium (metallocene catalysts) or by a free radical process (low-density poly-
ethylene (LDPE)). Recently, late transition metals (LTMs), in particular nickel and
palladium [10, 11], and iron and cobalt, are seeing a renewed interest as olefin
polymerization catalysts [12, 13].

Interestingly, the discovery of methylaluminoxane (MAO) in 1980 played a
crucial role in determining the course of action in polymer science [14]. This
co-catalyst replaced the alkyl aluminum compounds because it acts not only as
alkylating agent, but also as scavenging agent that led to a remarkable increase in
the activity of the catalysts.

Unbridged metallocenes, in which the backbone of the catalyst is loosely bound,
were the driving force for the development of the next generation of polymerization
catalysts because of different microstructures produced due to the change in the
symmetry of the active site of the metal center involved. Thus, a new horizon was
born toward the synthesis of controlled microstructures.

In 1984, Ewen first reported the use of metallocene-based catalysts for the
isospecific polymerization of propylene [15] and the polymerization of propylene at
—45 °C using a Cp,TiPh, (Fig. 3.1) and MAO. The catalyst system produced a
partially isotactic polymer with a pentad content (mmmmm) of about 52 %, and a
probability of finding meso dyads is P, = 0.85.

Kaminsky et al. [16] reported the production of highly isotactic PP from the
activated zirconium-based metallocene [ethylene bis(4,5,6,7-tetrahydro-1-indenyl)
zirconium(I'V) dichloride]; [(ether)ZrCl,], (Fig. 3.2) MAO serves as a co-catalyst.
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Their publication in Angewandte chemie can be considered as the starting point for
a worldwide competition in the search for molecularly defined polymerization
catalysts and for new materials [16].

MAO can form a complex with the metallocene even at —60 °C as proved by IR
measurement, followed by a rapid alkylation of the transition metal center and
dissociation of the complex into an ion pair (equations below). This pathway is
considered as the initiation step in a-olefin polymerization with the aid of
MAO [17].

L,ZrCl, + 2MAO — L,Zr(CH3), + 2MAO—CI
L,Zr(CH;3), + MAO — L,Zr(CH;) " + MAO—CH;-

According to this pathway, the CI” or CH; can be abstracted by the bulky
co-catalyst MAO (Me,AlO-(MeAlIO),-OAIMe, with high molecular weight and
5 < x < 20) or borate under the formation of the bulky co-catalyst anion and a
metallocene cation with a weak back-donation. The polymerization then happens
by the coordination and subsequent insertion of the olefin into the metal-carbon
bond of the -catalytic active species, L,Zr-CH2R". Most conventional
MAO-activated metallocenes require a large excess of MAO with [AI]J/[M] molar
ratios >100 in order to shift the equilibrium toward the formation of active cationic
metallocenes at the expense of inactive neutral complexes.

Many new developments on the so-called constrained geometry catalyst
(CGC) (Fig. 3.3) system have been reported in the patent literature and were
reviewed [18].
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Fig. 3.3 Structure of the constrained geometry catalyst: [{(zert-butylamido-N-dimethylsilyl}-(i7°-
cyclopentadienyl) zirconium (IV) dichloride]

Worldwide research accomplishments on single-site metallocene-based catalysts
have led to convincing improvements of poly(a-olefin) materials as well as to
understanding of basic reaction mechanisms responsible for the growth of a
stereoregular polymer chain at a metal center [10, 11, 16]. However, this catalyst
generation allows only the use of a limited number of polar monomers bearing
sterically hindered functionalities due to the sensitivity of early transition metal
complexes to electron-donating functional groups [19]. Thus, copolymers of
technically important polar monomers with ethylene are produced exclusively by
radical polymerization routes in high-pressure processes. Therefore, there is still an
unlimited interest to discover and develop new families of polymerization catalysts
that can allow more control on the polymer material properties. Subsections below
represent some of the most successfully applied transition metal-based polymer-
ization catalysts.

3.6 Development of Polymerization Catalysts

3.6.1 a-Diimine-Based Catalysts

LTM-based catalysts are not as sensitive as Ziegler—Natta and metallocene catalysts
to functional groups. Therefore, and because of the weak oxophilicity character, late
transition metal complexes are the most attractive candidates because of their tol-
erance toward polar functionalities. However, until mid-1990s, only few reports
were introduced utilizing these compounds as catalysts for the polymerization of a-
olefins and ethylene [10, 11]. This could be due to the fact that these catalysts
generally exhibit reduced activities for olefin insertion and fS-hydride elimination,
which steadily competes with chain growth resulting in the formation of oligomers.

In 1995, the quantum leap happened in the utilization of LTMs in the poly-
merization of ethylene, after the discovery of the a-diimines-based palladium(Il)
and nickel(Il) catalysts (Scheme 3.10) which became the first polymerization cat-
alysts to give high molar mass PE. This was attained by the application of sterically
o-protected auxiliary ligands of the imino moiety, in such a way that the bulky
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Scheme 3.10 The highly active nickel (II) o-diimine-based catalysts reported by Johnson et al. for
the polymerization of ethylene

substituents on the aryl groups of the ligands block an associative olefin exchange,
thus effectively retarding chain transfer processes [20].

Killian et al. [21] described the well-performing a-diimine-based catalysts after
the development of a procedure for the living polymerization of a-olefins based on
Ni o-diimine catalysts and application of this procedure to the synthesis of diblock
and triblock poly(a-olefins) (Scheme 3.11). Moreover, they found that the ratio of
1,2—versus 2,1-insertion is sensitive to the nature of the a-diimine ligand [21].

3.6.2 2,6-Bis(Imino)Pyridine-Based Catalysts

LTM complexes have attracted increasing attention [22, 23], especially after the
reports of Brookhart and Gibson about new Fe (II)-based complexes containing
2,6-bis(imino) pyridyl ligands as efficient catalyst precursors for ethylene poly-
merization (Scheme 3.12). After MAO activation, the complexes show high activity
and produce strictly linear PE [24]. The parent catalysts that were based on iron(Il)-
and cobalt(IT)-based precursors showed that there is a clear relationship between the
molar mass of the polymer produced and the bulky groups on the ortho position of
the aromatic auxiliary ligands.

00

7\ / R
Ar N\ 7 N—Ar poly(a-olefin)
/Nl\ toluene
Br Br MAO

Ar=2,6-(Pr'),C¢H;- ; Ar=2-"BuCH,-

Scheme 3.11 Polymerization of a-olefins by a-diimine Ni-based catalyst
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Scheme 3.12 Brookhart/Gibson-type BIP polymerization catalyst

The presence of the two di-iso-propyl groups on the ortho position of the imino
moiety produces strictly linear PE, thus blocking the chance of the S-hydride
elimination step.

Following that year, many work groups studied the theoretical concepts con-
cerning this type of catalytic system. Griffiths et al. [27] presented the first theo-
retical studies on this catalyst system, having assumed the generally accepted
Cossee—Arlman polymerization mechanism [25-27] (Scheme 3.13).

Abu-Surrah et al. [29] also reported on highly active 2,6-bis(arylimino) pyridine
iron(Il)- and cobalt(Il)-based ethylene polymerization catalysts which lack the ortho
alkyl substituents on the aryl groups. Modifications of the steric bulkiness of the
aromatic groups in the tridentate ligands influenced not only the catalytic activity,
but also the molecular weight, and for the first time the microstructure of the
resulted material (Scheme 3.14) [28].

McTavish et al. [30] reported another form of catalysts containing BIP-based
ligands. The resultant iron dichloride complexes were highly active ethylene
polymerization catalysts after the activation with methylaluminoxane (MAO).

Cl Cl
I/ — 1/
—Ti—Cl o —T- 'ICl
Cl ~'ll“l _(I:l/ olefm Cl Tl
Cl_Tli _ coordination ” Cl _T] _

Representation of a
TiCly lattice with an
open coordination site
on the surface

—T1
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l— — Cl—T1 —

cis -carbometallation via a
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=Ti — Cl T1 —Cl
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Cl—Ti— |” C1—Ti—
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Scheme 3.13 Cossee—Arlman mechanism (Ziegler—Natta Ti-based catalyst), asterisk The other Ti
atom was omitted for clarity
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Scheme 3.14 2,6-bis(arylimino)pyridineiron(II)- and cobalt(II)-based ethylene polymerization
catalysts which lack the ortho alkyl substituents

Activities in the range of 3000-18,000 g/mmol bar h were reached. The molecular
weights (M,,) of the resultant PEs lie in the range of 6500-24,000 with broad
molecular weight distributions (16.5-38.0). The nature of the imine carbon sub-
stituent has a marked effect on the polymer molecular weight, whereas the catalyst
activity is largely unaffected by changes to this substituent [29].

The catalytically active species formed by the treatment of 2,6-bis(imino) pyr-
idine iron(II) chloride complexes with MAO is generally proposed to be a highly
reactive monomethylated iron(Il) cation [LFe-Me]* (L = 2,6-bis(imino)pyridine
ligand) bearing a weakly coordinating counteranion [Me-MAO] . Both
monochloride and monoalkyl cationic species are expected to be present in the
solution, their relative concentration depending on the MAO/Fe ratio [24].

At high loadings, the active species will be the dimethylated product, which does
not polymerize ethylene alone, followed by reductive elimination (path B) with
aluminum metal center to give the active species (Z; Scheme 3.15), which is
presumably the same for metallocene-mediated MAO polymerization [23].

Scheme 3.16 represents different chain termination pathways, in which path
(D) represents a propagation mechanism following a Cossee—Arlman mechanism
involving migratory insertion of ethylene into a metal alkyl bond. The latter
pathways are chain transfer pathways: f-H transfer reactions to the metal (two types
of path E) or the monomer (path F) give one double bond per polymer chain (vinyl
end groups), whereas chain transfer to aluminum (path G) gives saturated polymer
chains. NMR and computational studies of cobalt complexes by Gibson and
co-workers [30] have shown that f-H chain transfer proceeds via a stepped
mechanism involving a cobalt hydride species (path E).
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3.6.3 Salicyldimine-Based Complexes

Salen-type complexes are a fundamental class of compounds in coordination
chemistry, known since 1933. They have been extensively studied, and more than
2500 have been synthesized. Interest in salen-type complexes intensified in 1990
when the groups of Jacobsen and Katsuki discovered the enantioselective epoxi-
dation of unfunctionalized alkenes using chiral Mn(salen) complexes as catalysts.
Since that time, an extremely wide variety of reactions catalyzed by salen com-
plexes have been investigated.

3.6.4 Early Transition Metal-Based Phenoxy-Imines

In 1998, ligand-oriented design led to the discovery of phenoxy-imines that were
utilized using group 4 metals initiated by Mitsui Chemicals led by T. Fujita and
co-workers under the name “FI catalysts” which stands for the Japanese pronun-
ciation of the ligand “Fenokishi-Imin Haiishi” and, at the same time, for “Fujita
group Invented catalysts™ [31, 32].

Phenoxy-imine ligands have the advantageous properties of diversity and tun-
ability. Within the framework, there are three readily changeable substituents,
which will sterically and electronically affect polymerization reactions (R;—Rj,
Fig. 3.4).

Those types of catalysts were based on continuous trial and error, and they
found that group 4 transition metal complexes having phenoxy-imine ligands dis-
played very high activity for ethylene polymerization at 25 °C under atmospheric
ethylene pressure. e.g. (complex 1, Fig. 3.5) bis[N-(3-tert-butylsalicylidene)anili-
nato]zirconium(IV) dichloride, exhibited 519 kgpp/mmoly, % h of activity, which is
almost 20 times higher than the activities observed with Cp,ZrCl,/MAO (27 kgpg/
mmolz, h) under the same polymerization conditions [33].

Fujita and co-workers reported on the catalytic behavior of fluorinated bis
(phenoxy-imine) titanium complexes bearing a series of substituents ortho to the
phenoxy oxygen for ethylene/higher o-olefin (i.e., 1-hexene, l-octene, and
1-decene) (co)polymerization (Fig. 3.6) [27].

Fig. 3.4 General structure of the Fl-salicyldimine-based ligand
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Fig. 3.5 Structure of FI-zirconium (IV) and its Ti(IV)-phenoxy-imine correspondent

Fig. 3.6 General formula of F
the fluorinated FI-Ti(IV)-
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Independent of the magnitude of steric bulk of the ortho substituent, also, all
complexes that were investigated produced PEs and ethylene/higher a-olefin
copolymers with very narrow molecular weight distributions [e.g., PEs, M,/
M, = 1.05-1.16, M. 44,000—412,000; ethylene and 1-hexene copolymers, M,/
M, =1.07-1.19, M, 49,000-102,000, 1-hexene content 3.2-22.6 mol%], indicative
of living polymerization. The incorporation ability for higher a-olefins is highly
dependent on the nature of the ortho substituent, and Ti complexes with a sterically
less encumbered ortho substituent incorporated a higher amount of higher a-olefins.
A number of unique block copolymers consisting of linear PE and
ethylene/1-hexene copolymer segments were prepared using one of the living
catalysts with enhanced incorporating capability for higher a-olefins. These block
copolymers exhibited lower peak melting temperatures (7;,) relative to the corre-
sponding homo-PE.

3.6.4.1 Late Transition Metal Salicyldimine Complexes

Complexes containing ligands of N,O-chelate are particularly interesting and
challenging for catalysis by mixed-donor ligand complexes, such as the Ni-based
systems were shown to be effective in ethylene polymerization, because of their
ease of preparation and simple modification of both steric and electronic effects.
Several nickel(Il) salicylaldiminato systems have been developed which are
highly active for the polymerization of ethylene (Fig. 3.7). Furthermore, bulky
substituents in the 3-position of the salicylaldiminate ring were found to enhance
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Fig. 3.7 Structural representation of the most productive catalyst reported in the study, using (Ni
(COD), as a co-catalyst)

the activity of the catalyst and lower the number of branches in the resulting PE. An
electron-withdrawing group in the 5-position of the salicylaldiminate ring also
increases catalyst activity. With these systems, moderately high molecular weight
polymer with about 10-50 branches per 1000 carbons can be obtained. As observed
in other late metal systems, branching can be controlled by the variation of both
temperature and pressure [34].

Zhang et al. [36] reported that a series of neutral Ni (II) complexes derived from
anilino-substituted enone ligands bearing electron-withdrawing trifluoromethyl and
trifluoroacetyl groups have been synthesized (Fig. 3.8). When activated with either Ni
(COD), or B(C¢Fs), these complexes were active for the polymerization of ethylene
to branched PEs. Complex is especially active and long-lived, with a turnover fre-
quency (TOF) of 5 x 10° at 60 °C and 200 psig of ethylene, a half-life exceeding 15 h
at 35 °C, and a total turnover number exceeding 10° at 35 °C and 200 psig [35].

3.6.5 Quinaldimine-Based Complexes

Quinaldimines are attractive special type of aldimine family that are used as
backbone for the preparation of catalytically active material for the polymerization
of ethylene or those containing polar functionalities especially (meth) acrylates.

COCF;

. CF3
Pr |
O P
RN
Pr! Ni
/ .
ph” PPh,

Fig. 3.8 Synthesis of substituted enone SD-Ni"-based complex
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Abu-Surrah et al. [37] reported the synthesis of C,-symmetric iron (II) and cobalt
(IT) complexes bearing new tetradentate ligands based on 2-bromomethylquinoline.
The isolated complexes were the first C,-symmetric octahedral complexes that
resemble the structure of the tetrahedral, C,-symmetric metallocene-based catalysts
(Scheme 3.17) [36].

Britovsek et al. [38] reported a bidentate imino quinolinyl nickel dibromide
complex (Fig. 3.9) for the polymerization of ethylene, but it showed moderate
activity toward the formation of oligomers rather than polymers [37].

Yliheikkila et al. [39] reported a series of manganese (II) dichloro complexes for
ethylene polymerization using MAO as a co-catalyst (Fig. 3.10) [38]. From the
series are two of the most active octahedral manganese (II) complexes and those
bearing tetradentate nitrogen ligands with chiral backbone [39], (Abu-Surrah et al.
[40]). The highest activity in ethylene polymerization (67.0 kgpg moll\_,[:1 h_l) was
obtained with A"/MAO at 80 °C under 5 bars of ethylene pressure.

Scheme 3.17 Fe(II)-quinaldimine-based complex

Br Br Pr

Fig. 3.9 Structural representation of the bidentate Ni(II)-based complex
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3.6.6 Ruthenium-Based Polymerization Catalysts

Fig. 3.10 Quadridentate octahedral Mn(Il)-based complexes

Olefin metathesis (carbene) polymerization is also known as ring closure
metathesis. It was introduced by Grubbs and his co-workers in the 1970s and
became an important organic synthesis tool. It included the stable ruthenium-based
catalyst [40]. Later, it was subjected to much advancement and became more
versatile tool to make new polymers versatile [41].

In metathesis polymerization, the catalytically active species is a stable metal—
carbene bond that is formed between the metal and the alkene. Upon reaction with
cycloalkane, a living moiety capable of chain growth is formed. The olefin
metathesis reaction mechanism is shown in Scheme 3.18.

P
LnM
P
LnMJ * o
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Scheme 3.18 Ring opening metathesis polymerization mechanism
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Applications of Grubbs catalyst in ring closure metathesis and its
second-generation catalyst for phase-transfer ring closure metathesis were the
subject of more recent reports [42, 43].

3.7 Remarks and Outlook

Over the last 60 years, only few discoveries have had such a visible impact on the
development of our modern society than Ziegler—Natta olefin polymerization cat-
alysts. They have facilitated large-scale production of synthetic polyolefins and
rubbers and subsequently the introduction of cheap commodity materials in our
everyday life.

The discovery of a highly active family of catalysts based on iron, a metal that
had no previous track record in this field, has highlighted the possibilities of further
new catalyst discoveries. The search for new catalysts be restricted to metals that
have a history of giving polymerization-active centers was no longer needed. The
LTMs especially are likely to provide fertile ground for future development, and the
greater functional group tolerance of the LTMs also offers the attractive prospect of
polar co-monomer incorporation. A relatively small amount of functionality can
dramatically transform the adhesion and wettability properties of polyolefins; more
heavily functionalized products offer the prospect of materials with totally new
properties and performance parameters. It is clear that, for olefin polymerization
catalysis, the process of catalyst discovery and development is far from over.

Still, pollution caused by these nondegradable common plastics, oil stock
declining, and concerns about greenhouse effect have directed research efforts
toward sustainable alternatives to polyolefins and other fossil feedstock-derived
polymers [44].

Ideally, sustainable materials should match or exceed the physical and
mechanical properties of the replaced polymer, be available at a competitive price,
be issued from renewable resources, and be environmentally friendly, i.e., entirely
recyclable without the release of hazardous and persistent substances [45, 46].

The contemporary advancements in “olefin polymerization” impose several
challenges to be faced by polymer industries.

The following is the list of the most urgent tasks:

. Reduce process variability (while retaining cost-effectiveness).

. Inefficiency and improvement of product.

. Produce prime product, while keeping up with customer demand.

. Polymer recycling and sustainability of material feedstock.

. Manufacturers are skeptical about using the latest technology.

. Gearing toward reducing pollution caused by industry and to produce less
wastage.

AN AW
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7. High demand for new and advanced material with the need to find solutions to
growing market and upscaling production.

8. Quality of material on demand; high-weight material with controllable proper-
ties through structural and functional capability.

3.8 Conclusion

Olefin polymerization is becoming one of the most significant concerns in research
and development of chemical industries.

The history and early developments in the pioneering work of polymers up to the
most recent advancements are covered. Olefin polymerization started about
100 years back without involvement of metals, following anionic or radical path-
ways. The contemporary olefin polymerization industry depends mainly on the use
of metal complexes as catalysts. At the present time, metal-catalyzed polymeriza-
tion represents the most successful, conceivable, and sustainable procedure toward
the synthesis of polyolefins. Nowadays, the list of metals includes several transition
metals in the generation of catalysts. In doing their catalytic role, they follow
various mechanisms that lead to a wide range of polymeric products.

The 1950s witnessed the introduction of heterogeneous metal catalysts, leading
to a broad range of applications. Two decades later, metallocene led to active
homogeneous catalysts which allowed the rational of specific polymer structures.

The better understanding and evolution in the 1990s led to new industrial
implementations of the new post or nonmetallocenes, which is the outcome of the
recent advancements. They are easier to assemble and produce higher control and
activity over the desired polymer structures. This would also be reflected in endless
applications of these polymers in many aspects of our life.

In conclusion, it must be emphasized that coordination polymerization of olefins
is now considered among the most important areas in polymer research. This area
occupies the most prominent place in polymer science and technology that chemical
industries intend to cope with.
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Chapter 4
Processing Techniques for Polyolefins

Tomas Sedlacek

4.1 Introduction

In 1975, a study conducted by the plastic industry predicted that the future of plastic
industry was hidden in special types of high-performance plastic materials with
enhanced properties (such materials should occupy about 50 % of market share of
polymer industry). The continuous development in polyolefins science revealed that
time unimaginable secrets and potential for polyolefins to meet the
high-performance needs expected from technical and speciality plastics. Thus, the
latest trend in plastic goods processing is pronouncedly controlled by polyolefin
producers (while high-performance plastics accounted in 1997 was about 0.25 % of
polymer market) [1].

Easiness of polyolefin processing connected with relatively high melt stability
and low processing temperature, possibility to modify properties of final products
via molecular tailoring, copolymerization, alloying, grafting, cross-linking and high
recycling potential guarantee further successful future for polyolefins—high-density
polyethylene (HDPE); low-density polyethylene (LDPE); linear low-density
polyethylene (LLDPE); medium-density polyethylene (MDPE); ultra-high molec-
ular weight polyethylene (UHMWPE); metallocene polyethylene (mPE);
cross-linked polyethylenes (XPE); cyclic polyolefins (COC); syndiotactic, isotactic
and atactic polypropylene (sPP, iPP, aPP); random and homopolypropylene (rPP,
hPP); thermo-elastic polyolefins (TPO), as well as other special type of polyolefins
as for example poly-1-butene (PB), in addition, the number of potential polyolefin
blends as well as masterbatches based on them—for a wide range of applications.
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Without any doubts, it could be stated that there is no other type of polymeric
materials traded all around the world and processed into such amount of products:

— blown packaging and agriculture films;

— extruded into hygienic foils, building and automotive industry sheets and foams,
or pressure pipes;

— blow moulded into containers, tanks, detergent bottles or car’s defrost air
systems;

— spread onto wires and cables as insulation;

— injection moulded into countless consumer (end-use) products;

— melt-blown into non-woven fabrics; and

— used for paper coating, laminations, gluing or its substitution.

Examples of utilization include automobile headlights; taillights; disc brake pads
and bumpers; carpets; CDs and optical discs; clear film food wrap; eyeglasses;
flexible foams used in bedding and furniture; rigid foam insulation; impact-resistant
and bulletproof windows; moulded plastic goods such as buckets, food containers,
kitchen utensils and wastebaskets; elastic hoses; seals and gasket; protective coat-
ings; grocery bags; synthetic fibres for blankets; sweaters, socks and fleeces; water
cooler bottles; and wood products such as plywood, oriented strand board and
laminates.

4.2 Principle of Processing

While manufactured polyolefins are processed by their producers, with no or only
basic amount of additives (lubricants, stabilizers, antistatic agents and slip/antiblock
agents), into the form of granules using powerful extruders equipped usually with
giant melt pelletizing heads [2, 3], polyolefins in the form of powder [4], could be
produced utilizing mechanical grinding of granules [5] or extraordinary without
necessity of the mentioned thermoplastic process directly during polymerization
[6]. Larger amount of stabilizers, organic or inorganic fillers, pigments, flame
retardants, or other additives, which could be desirably added into the prepared
polymeric systems—masterbatches, compounds or alloys, are mixed with the pure
polyolefins by compounders utilizing a variety of processing technologies [7]—
mixers, single- or twin-screw extruder (parallel co-, counter-rotating [8] or conical
[9, 10]), planetary system extruders [11, 12], and kneader extruders (e.g.
single-screw co-kneader [13—-15]) equipped with melt or strand pelletizing head
[16]—regarding required size of desired batch, temperature sensitivity of processed
components, sensitivity to shear deformation, etc. Such polymeric materials are
further processed into the form of final products by small local to huge international
plastic convertors employing various thermoplastic forming technologies. For
various processing technologies as well as countless numbers of production aspects,
the knowledge of processed material flow behaviour is important and crucial.
Connection of rheology of polymer melts with set-up and optimization of
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processing conditions as well as with final products’ properties nevertheless
requires not only the comprehension of polymer melt flow complexion during
manufacturing process but also the understanding of processed polymer molecular
structure/composition and its role in physical and mechanical properties of the
prepared resolidified unorganized/organized material structure.

Solid polyolefin (plastics in general) pellets/powder obtained during polymer-
ization step at the start of converting phase is fed into the processing device (ex-
truders, injection moulding machines, presses, etc.). Usually, air-driven pneumatic
filling systems, equipped with gravimetric or volumetric dosing technology (see,
e.g. [17]), are utilized for fabricated materials supply from bags, big-bags or storage
bins into the still or vibrated hoppers. Contrary to polar plastics, the unexcep-
tionable advantage of polyolefins, namely for centrally supply production where
tube distribution to various processing machines is provided from central—even
outside—material sources, consists in their low wettability, thus possibility to
convert them usually without necessity of dryers’ or dehumidifiers’ utilization. The
exception occurs in the case of polyolefins filled with high amount of hydroscopic
additives or ions, polyolefin-based blends containing hydrophilic component, or
applications where optical appearance of products with huge surface dimensions is
critical.

The processing devices at the first step are used for heat transfer—achieved via
heat conduction from tempered parts of employed technologies and dissipation
from processed material friction movement—of solid-state particles into polymer
melt. Since it is essential to efficiently convert all materials processed in the device
to polymer melt, the correct and optimized geometry of manufacturing device
set-up is advisable to be utilized in order to achieve trouble-free production. In
addition, to achieve maximum performance of the process, the plastic materials
should be converted into the melt at appropriate time (screw position) [18, 19], and
its temperature to be homogenized as much as possible in order to minimize
troubles in further polymer formation steps, especially in the temperature-sensitive
processes, as for example foam extrusion [20], film blown extrusion [21, 22], or in
the cases that highly affected by heat friction or viscosity increase as for example
during mixing of highly filled compounds [23, 24].

4.3 Employment and Role of Polymer Melt Rheology

Rheology is utilized as a fundamental instrument for conversion technology design
optimization according to materials or technology process type used. Moreover,
rheology point of view in polymeric solid-state conversion could be used not only
for correct proposition of processing equipment design, but also for suitable
proposal of manufacturing conditions, such as temperature process window
definition, material flow rate maximization [25]. Here, the software process
simulations, represented, for example, by Virtual Extrusion Laboratory from
COMPUPLAST INTERNATIONAL a. s. [26], POLYFLOW from ANSYS, Inc.
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[27], Moldflow from Autodesk, Inc. [28], or Ludovic from Sciences Computers
Consultants [29], play unsubstitutable and important role. Nevertheless, it should be
kept in mind that even the task to quantify the flow and heat transfer during the
manufacturing steps is perceived as complex enough, the fact that material prop-
erties could differ for a particular resin from batch to batch for various moisture
content could complicate it even much more. In this respect, standard laboratory
rheological properties characterization, carried out using laboratory offline
rheometers (single-screw extruders, high-pressure capillary (circular or slit die)
viscometers and/or rotational rheometry apparatuses—depending on real processing
conditions), could be apprehended as not enough flexible tool for manufacturing
control, and the utilization of online or in-line rheometers applied directly into the
processing lines could be required [30]. Commercially attainable in industry that
could be included ViscoSensor by Dynisco (return-stream capillary instrument
[31]), Online viscometers by Gneuss (bypass slit capillary device [32]), or
viscometers by Hydramotion (in-process viscometer operating on principles of
rotation [33]).

4.3.1 Viscoelasticity

For simulation purposes and process control, the material behaviour is usually
described by the help of complex physical viscoelastic models [34], where the
influence of processing conditions (e.g. temperature, pressure, material output) as
well as material properties (elasticity, strength, etc.) affected by molecular structure
play crucial role.

Before rheology could be successfully employed for processing optimization,
one should be familiarized with the aspects of viscoelastic behaviour of polymer
(polyolefins) melts in connection with implication of processing characteristics.
Polymer melts are viscoelastic fluids behaving viscous or elastic in response to how
fast they flow through processing device or are deformed during the process. The
silicone putty test could be presented as a good demonstration of this phenomenon.
If a silicone ball is rapidly deformed, for example via bouncing, it behaves like an
elastic body. Stored energy caused the recoverable elastic deformation and makes
the ball bounce. If the silicone ball is left at rest for a longer period of time, viscous
behaviour, connected with gravity, causes its flow like a fluid. Whether a material
behaves more elastic or viscous which depend on the timescale of the deformation
and on the ratio of process time and material time, referred to as Deborah or
Weissenberg number. If the material time is short in relation to the process time, the
material shows predominantly viscous behaviour. If the Deborah number equals
unity or larger, the elastic behaviour of the fluid increases and becomes dominant.
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4.3.2 Shear Viscosity

In general, the flow behaviour, expressed via viscosity—resistance to flow, of low
monodisperse molecular weight fluid is independent of the shear rate. Here, only
one unique value is necessary to be determined in order to describe and predict
flowability of these Newtonian fluids. On the other hand, polymer melts as poly-
disperse molecular weight fluids are typical for shear rate—dependent flow beha-
viour. This phenomenon could be manifested via help of entanglement of
macromolecules. Rate of entanglements/disentanglements of polymer chains with
one another, described via relaxation time, is proportional to viscosity change.
While polymer melt viscosity stays Newtonian in the region of low shear rates, also
known as the zero-shear viscosity, where disentanglement is fully balanced with
formation of chain entanglements, with increasing shear rate entanglement forma-
tion velocity does not achieve the rate of their extinguishment causing thus polymer
melt viscosity decrease. Viscosity declines with increased deformation rate, a
phenomenon called shear thinning (the most important non-Newtonian property in
polymer processing because it speeds up material flow together with reduction in
heat generation and energy consumption during processing), up to a point where all
entanglements are lapsed and viscosity becomes shear rate independent again,
region known as second Newtonian plateau. However, in this region viscosity
behaviour, due to too high shear rates, is usually complicated with flow instability
origination.

It should be stressed here that complex flow behaviour strongly depends on
polymer chain structure and as such, all aspects as for example chemical nature,
average molecular weight, molecular weight distribution and additives or filler
presence, need to be taken into account for further utilization of viscosity variation
role in plastics converting and processing demands purposes [35]. For example:

— broadening of a polymer’s molecular weight distribution to ensure improvement
of moulding and extrusion process as well as to modify surface smoothness of
extruded and moulded goods or optical properties as sag and haze of blown
films,

— even the small variation in polymer chain structure could cause change in
specific flow region, including, but not limited to the case when small difference
in long-chain branching or a small amount of high molecular weight component
stand for variation in product weight of blown product although no visible
change could be found in shear viscosity behaviour.

Considering mentioned findings, it is clear that not only melt flow index, defined
as one point on the curve describing shear rate—dependent viscosity, is definitely
insufficient tool for determination of specific processing problems sources, but even
standard viscosity measurements carried out with the help of capillary viscometer
could not be enough and appropriate approach required to be chosen according to
correspondent processing deformation behaviour defying material response.
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Beside deformation characteristics, further manufacturing specifications
influencing viscosity dependences, such as temperature and pressure profiles, which
should be known, described and evaluated for each processed materials besides
shear rate variation (controlled by demanded material processing flow rate). In
general and for simplification of viscosity behaviour comprehension, it could be
presumed that while temperature increases decline in viscosity, pressure arises which
causes viscosity to increase. These variations could be connected with amount of free
space contained in flowing material. Since higher amount of free space evokes easier
flowability due to extended possibility, energetically promoted by temperature arise
or pressure drop, for chain segments to occupy positions in flow direction, one could
expect proportional behaviour also for viscosity dependency. Exceptions are caused
by chemical reactions when polymer cross-linking or other restriction of free
movement occurs. While temperature and shear rate dependencies are ordinarily
determined by the help of commercially accessible rheological analysers, pressure
effects could be characterized with several limitations [36].

4.3.3 Extensional Viscosity

Even majority of the rheological characterizations is carried out in shear mode using
rotational or capillary rheometers, flows of processed materials are usually com-
plicated by extensional deformations important especially in processes like film
blowing, fibre spinning, foam manufacturing or blow moulding. Since elongational
viscosity behaviour has its own specification, it could vary significantly from shear
flow dependencies concerning in particular the case of branched polymer macro-
molecules. The suitable available rheometers evaluate elongational viscosity from
uni-axial stretching of filament or strip in air or liquid environment. For this type of
measurement, homemade or commercial single-purpose devices designed based on
Munstedt [37] or Meissner and Hostettler [38] ideas, known as MTR and RME
instruments, respectively, could be employed. Another possibility is to use
Sentmanat test fixture (SER), based on fibre windup technique first described by
Macosko and Lorntson [39], mounted on the transducer of a conventional torsional
rheometer. Finally, as further option available for determination of extensional flow
behaviour also Rheotens and haul-off testing accessories of capillary rheometers
could be used. Benefits as well as disadvantages of each mentioned devices (ex-
tensional rate limitation, temperature uniformity attainability, gravity impact and
many others) should be carefully taken into account according to process which
should be simulated or optimized.
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4.4 Polyolefin Processing Technologies

As it was already mentioned, raw polyolefin-based materials in the form of granules
obtained consequently to polymerization process or custom blends and/or com-
pounds, prepared with the addition of various polymers and/or additives including,
for example processing aids, heat and UV stabilizers, are advantageously converted
into the form of semi-products or final fabrics employing commercially accessible
to technologies and production lines. In general, polyolefin conversion is achieved
by the help of all the standard thermoplastic technologies (e.g. extrusion process,
injection moulding, extrusion blowing or rotation moulding) without necessity of
any special technical requirements.

In the case of periodic processes (e.g. injection, blow, and rotational moulding),
polyolefin melt closed in the mould is solidified exactly in the final product shape
given by the mould design. The injection moulding process is one of the most
cost-effective processes to produce plastic articles, and thus, it is used to make parts
for practically every major industry existing today. Obtained products such as
containers; food and chemical packaging; toys; crates; capes; closures; and various
parts for automotive such as bumpers, sun shields and dashboards, achieve their
final properties in short timescale. The polymer melt viscosity thus became sig-
nificantly affected by time dependency, in accordance with the set processing
parameters (injection rate and pressure, holding pressure, mould temperature, etc.).
While filling stage of process could be regarded and simplified via the melt flow
through closed channels which is determined by high shear rate—viscosity beha-
viour, because usually shear rates in order of thousands of reciprocal seconds are
considered, the solidifying process is rather affected by melt visco-elasticity and
crystallization kinetics. Settling and suitable combination of injection moulding
process conditions are thus crucial for polyolefin products manufacturing.
Polyolefins with higher melt flow index, such as the trivial value characterizing
flowability of polymer melt, are usually chosen as suitable candidates for injection
moulding of thinner and more spacious products. However, since the melt solidi-
fying is primarily determined by the thermal properties of employed materials
together with the mould temperature rather than polymer melt flow behaviour itself,
preferable and frequently used method for characterization of processed materials is
the spiral flow test enabling evaluation of the melt flowability together with its
solidification kinetics under desire processing conditions [40]. Even the polyolefin
product manufacturing qualities, such as mechanical, optical, barrier, thermal and
other pursued properties given by employed material properties could be partially
modified by the thermal condition (mould temperature) setting, most of the mod-
ifications are attained via material changes utilizing fillers (inorganic particles, glass
fibres and beads, metal powder), additives (nucleation and blowing agents, pig-
ments) and/or other components.

On the other hand, during continuous processes (e.g. profiles, pipes, sheets, films
and foams extrusion) the solidification occurs in gradual procedure enabling not
only forming of final shape in longer timescale usually by the help of additional
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accessories (cooling rolls and calibres, internal positive pressure), but also affecting
final properties of films, foils, sheets and other extrudates (impact and tear resis-
tance, toughness, optical clarity, sealability); this is determined via both molecular
architecture (molecular weight distribution and its modality, length of branches,
branching level, etc.) and reached supramolecular structure (e.g. oriented fibrils
created in fibres or stretched ribbons, achieved crystallinity/amorphousness rate).
Deeper discussion of selected individual continuous processes concerning selected
polyolefin product manufacturing is presented further in the text.

4.5 Blown Film

Since the packaging is the world’s most widespread polymer application, with the
Europe plastic total demand of almost 40 % [41], the blown film process, sketched
in Fig. 4.1, is the most diverse conversion procedure where polyolefins, namely
polyethylenes, play the major role.

Via the highly efficient and economical tubular blown film process (according to
ASTM terminology [42], films are defined as sheeting having a nominal thickness
no greater than 0.254 mm), polyolefins can be produced into the light films of
thickness of microns or into the heavy construction films with thickness of hun-
dreds of microns, all with width exceeding 12 m.

In general, there are different requirements demanded from blown films. Food
and retail packaging applications need higher clarity, while industrial packaging
applications do not. Some food packaging needs strength, others need tearability,
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Fig. 4.1 Scheme of blowing line [43]
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oxygen barrier or breathability to specific gas or aroma. Non-packaging applica-
tions range from agricultural to hygiene films, both with very different optical,
barrier and mechanical respond requirements. Such diversity in property demands
could not be ensured only through the thickness variations of polyolefin films, but
rather via the utilized macromolecule chain structure, polymer molecular weight
distribution and/or film construction.

In terminology connected with blown film process, graphically introduced in
Fig. 4.2, several terms are utilized and one should be familiar with them; (1) the
blow-up ratio (BUR) which is given by ratio of bubble and die diameters or ratio of
0.637 times the lay-flat width (width of the collapsed film) and the die diameter;
(2) the drawdown ratio (DDR) given by the gage reduction of the extruded tube into
the final thickness of blown film (ratio of width of die gap and finished film
thickness connected with the thickness reduction of the melt during blowing pro-
cess) divided by BUR; and (3) the orientation of the film, which could be distin-
guished in the direction of drawing (machine direction, MD) or blowing (transverse
direction, TD).

During blown film extrusion, polymer granules are melted and transported by
the help of one (monolayer film) or several extruders (multilayer film) through an
annular or ring-shaped die. While the blowing is usually carried out vertically
upwards, also downward extrusion processes are becoming common lately [45].
Monolayer films have limited applications due to limited possible combined
properties. Multilayer co-extrusion technologies, on the other hand, lay the
groundwork for the many possibilities to approach various applications demands,
but their processing is usually sophisticated and requires purpose-made line.
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Fig. 4.2 Selected terminology from blown film production [44]
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Even utilized extruders have usually smooth bore, grooved feed one, guaran-
teeing increase friction between the polymer and the barrel surface, can be also used
for the process optimization with increased production rates where reduced tem-
perature positively increases stability of process, specially of polyolefins with high
viscosity such as high molecular weight polymers [22]. In order to increase melt
quality or stability of generated material flows, the gear pumps, also called melt
pumps, could be inserted between the end of the extruder and the die head. The
pumps then deliver a stable, surge-free melt output, thus guaranteeing excellent
layer uniformity, which is the vital fact especially for continuous multilayer
extrusion processes. The benefits are particularly important for the extrusion of the
very thin layers, as for example in the case of barrier or adhesive tie—layer
preparation.

Thin film is inflated from extruded tube consequently to the die exit. The blown
film dies could be in general divided to spider and spiral types, as presented in
Fig. 4.3. Since spiral dies provide more uniform melt distribution and eliminate
weld or knit lines caused by the spider holding the mandrel, they almost replaced
the former ones [43, 46].

While diameter of extruded tube increases due to blowing via inner air (for
higher product efficiency its temperature could be controlled), it is in meantime
withdrawn away from the die and cooled from outside. The finished film is thus
formed between the die and frost line, defined as point where film is changed from
the melt to the solid state, by the simultaneous blowing and drawing of the tube of
hot melt extruded from the die.

Product efficiency is determined by the cooling of the bubble. In other words, the
higher production speed is demanded and the more intensive cooling is required.
While the most of polyethylene films are cooled down by air, polypropylene blown
films are commonly cooled via tubular water quenching. Air cooling efficiency is
usually intensified employing double air ring or internal cooling supplemented with
exchanging of the air inside the bubble while maintaining the internal pressure. It
should be noted that attempts to increase the cooling rate via cooling ring air flow
increase usually evoke bubble vibration and instability deforming the “bubble” and
causing its defects, similarly to any other even small outside forces (light air cur-
rents, heat, stretching). Other factors besides bubble stability affecting
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Fig. 4.4 Typical shape of HDPE and LDPE blown tube [47]

processability as well as film properties are frost-line height, bubble air temperature
and bubble sizing cage [22].

As it is shown in Fig. 4.4, blowing of linear macromolecules, such as HDPE,
causes film lines to have a typical “high-stalk” bubble shape, while on the other
hand, branched polymers tend to be blown into the form of the “pocket” shape. The
stalk height recommended for HDPE blown film lines is 7 times to 9 times the die
diameter [47]. Moreover, the HDPE blown film lines typically have small diameter
dies to achieve the relatively high BUR ratios required to obtain optimum film
properties, contrary to LDPE and LLDPE lines, normally operating at much lower
BURs of 2-3. Analogously, the typical die gaps for HDPE blown film lines are in
the region of 1.0-1.5 mm, which is narrower than die gaps used for conventional
blown film lines converting LDPE and LLDPE (1.5-3 mm).

When the bubble is cooled enough, it is flattened by collapsing frames drawn
through nip and idler rolls to a winder, thus introducing further process stability
factors such as type of collapsing frame, parameters of winder and tension control
of final film. For example, in the case of PP when the blowing process is carried out
downwards, as it is shown in Fig. 4.5, nip rolls are situated under level of cooling
water. Since it is virtually impossible to fabricate blown film with a constant
thickness, it is important, particularly in industrial practice, to eliminate accumu-
lation of gauge variation on one place as they continuously overlap, resulting in
unacceptable geometry of final roll. Utilizing different ways to randomize
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irregularities, localization can be ensured via several basic ways with higher or
lesser efficiency as for example oscillation of extruder, rotating or oscillating die or
nip system, rotating tower with winder. Consequently, based on further application
of the produced film, it is finally either spooled as a flattened tube (for products such
as seamless bags), slit to form one flat film or split into two separate layers during
final roll winding. However, formerly winding film up to the roll for further uti-
lization and distribution, non-polar surface of polyolefins is usually modified by the
help of corona, plasma or other surface treatment which is crucial, namely prior
further operations as printing, lamination, coating or other finishing operation [22].

It should be kept in the mind that appropriate balance of the blown film’s
physical properties is achieved in case of bi-axial orientation of macromolecules
connected with high BUR ratios applied during processing. High orientation level
of macromolecules in solid state is also guaranteed by low temperature of the
processed melt on account of longer relaxation time. Due to differences in the
polymer structures (lack of long side chains), it is much more difficult to reach
balanced bi-axial orientation of HDPE films with comparison to LDPE or LLDPE
films. While HDPE blown film is oriented in the machine direction after die exit
forming long stalk, relaxation of macromolecules orientation in still enough heat
melt occurs. On the other hand, orientation of stretched macromolecules in trans-
verse direction is because of significant cooling of the HDPE film preceding
blowing into the final bubble diameter preserved. The cooler the polymer melt
reaching the top of the stalk, the higher amount of TD orientation is generated in the
finished blown film. On the other hand, if the film is processed at higher temper-
ature (relaxation time of macromolecules is shorter), TD orientation of the final
product is significantly reduced [43].
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Fig. 4.6 Scheme of double-bubble blown film process [50, 51]

Since above the frost line the processed blown film is already solidified and it is
stretched only in the MD direction, the orientation in this direction could be stressed
significantly by this fact even in the case of low strain of the bubble. This type of
orientation is deliberately induced online during blowing process or offline in
consequent technology step utilizing additional drawing equipment (usually pre-
heated rollers, where stretching of the film in the gap between a fast-draw roller and
a slow-draw roller is determined by their turning speed ratio) in order to achieve
meaningful increase of barrier properties, flatness, stiffness, elongational strength
and other film features. However, to secure orientation and to preserve enhanced
properties, careful control of temperature conditions together with suitable material
selection, are important critical parameters [49].

Other level of orientation (MD as well as TD) could be achieved by the help of
the double-bubble process. Thin, tough and elastic polymer films with attainable
shrinkage ability, exploited during film applications via its heating above the ori-
entation temperature, are obtained by this process. In this case consequently to
blown film process described above, the film is re-heated above its orientation
temperature. The heating can be accomplished by the use of heated air, liquid
reservoir or sock disposed at the lower end of the primary bubble, inside the bubble
(see Fig. 4.6). The hot blown heated film is then passed through a first set of pinch
rolls, re-inflated into a blown bubble, and collapsed at a second set of pinch rolls. It
should be noted that when the heated hot blown film is expanded into secondary
bubble, the film can be either monoaxially or bi-axially stretched, depending on
chosen combination of stretching ratios, usually set up in the range of 1:1-9:1 for
the MD and 1:1-5:1 for TD. Additionally, the degree of TD or MD stretching in
secondary bubble is substantially independent from the blow ratio in primary
bubble, so that many combinations of blow-up ratios in the primary and secondary
bubble are achievable [49-51].
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4.6 Cast Film Extrusion, Extrusion Coating
and Lamination

The other way to produce polyolefin films is to cast them using chill rolls. In this
manufacturing process, the fabricated film could be extruded into the form of
separated film (monolayer or multilayer) or connected during extrusion coating or
lamination process to some substrate as a cover or binding layer, as it is presented in
Fig. 4.7. The initial procedure of the cast film process, extrusion coating and
lamination runs under the same routine as the film blowing. In the first step, the
employed plastic materials are transferred to the polymer melt and conveyed
towards the shape forming die by the help of the employed extruders eventually the
melt pumps, as it was described in the previous chapter.

Nevertheless, in the consequent step the stream of polymer melt is using flat
wide die with narrow opening design to provide smooth melt flow with constant
cross-sectional profile, constant pressure profile, minimal chance to overheat the
processed material and maximal temperature homogeneity—formed into the final
form, the thin hot film. The utilized flat die usually consists of die body, heaters,
feed block, mandrel, die lips or jaws for adjusting the die opening, thus controlling
film thickness uniformity profile and generating optimal resistance to the flow.
Since the modern feed-block technology allows the flow from one extruder split
into two or more layers in the final co-extrudate, the number of employed extruders
is governed by the number of different materials being extruded rather than required
number of layers. For example, in order to achieve a high oxygen barrier it is
necessary for polyolefin film structure to incorporate co-extruded layer of polymer
like EVOH. Even the co-extruded films typically contain up to seven layers, the
structure of more layers is becoming common lately [53].

Extruded film, known as a web, is noticed immediately after die exit quenched,
as it is pressed usually by the help of air knife to tempered chill roll (eventually
multiple chill rolls) potentially to chill roll partially submerged in a water bath, or
just water bathed as schematically depicted in Fig. 4.8, allowing (compare to blown
film, in general) higher film manufacturing production rates. Due to higher amor-
phous level that can provide heat seal film with excellent puncture resistance and
amazing optical properties as important advantage aspects, for example, in food and
retail packaging applications, the quality of the fabricated film is directly connected
to the melt thickness uniformity, melt velocity profile at the die exit as well as the

Fig. 4.7 Scheme of casting, coating and laminating manufacturing process [52]
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Fig. 4.8 Schematic of water bath cooling of casted film [43]

quality of chill roll which must be very smooth without any pitting or irregularities
on its surface. Due to the contact of the film with chill roll on one side, different
surface properties could be expected on each side of manufactured film. If a water
bath is used instead of a chill roll, as it is depicted in Fig. 4.9, the quenching of the
melt on both sides at the same time ensures processing of the film with the very
similar surface properties on each side.

Since the temperature set for these technologies, contrary to film blowing, could
be quite high (up to 300 °C specially during extrusion coating and lamination), it is
necessary to ensure maximal temperature control and uniformity (usually one heat
zone at least each 20 cm). Specially for the manufacturing of thin film under high
processing speed, for example in the case when polypropylene is processed for food
or other applications with adequate optical properties requirements, efficient
homogenization of the polymer melt is crucial. In order to increase temperature
homogeneity of polymer melt coming out of extruder or extruders into flat die,
various types of mixing elements could be employed and some examples are
presented in Fig. 4.9. In general, there are two basic types of mixing sections, one
with dispersive mixing (e.g. Maddock mixer) usually causing beside high-pressure
variations similarly to barrier screws significant reduction in molecular weight
during extrusion process due to the high shear stresses as melted materials flow

Maddock
mixer

Fig. 4.9 Extrusion screw mixing elements. Maddock mixer [55]. Saxton mixers [56]
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through narrow gaps, and the other one—distributive mixing sections—based on
elongational mixing elements required for flow splitting and reorientation as gen-
erally more processed material considering choice. Deeper overview of available
mixing possibilities together with comparison of pros and cons could be found in
[54]. Another critical aspect covers ensuring constant flow of melt in the extruder,
since even a small variations (as low as 1 %) in the volume flow typically result in
unstable pulsating flow. Flow stability is directly driven by extruders’ geometry and
settlement of processing conditions.

Beside extruders design, appropriate web thickness uniformity and velocity
profile are driven by the utilized concept of the die, which is another crucial factor
guaranteeing trouble-free and effective production. First, the filtration system is
used to prevent downstream passage of melt impurities, for example due to
insufficient fillers mixing, and/or gels formation during the extrusion process.
Proper control at this stage is imperative to prevent melt contamination. The most
common filters are those containing metallic meshes. The case hosting the filter
body has capacity of bearing the forces exerted by the polymer flow under the
condition of the maximum pressure arisen by the extrusion process. The continu-
ously regenerated screen changers minimizing the replacement time of the screen
pack could be incorporated with advantage [53].

If the feed-block system is used, it is usually supplied from connected extruders
by the means of melt transfer adapters. These heated and usually insulated con-
nections should be proposed with respect to the amount of material transferred
regarding not only optimal size of heating elements, but also diameter and length of
pipes. Here, it should be kept in mind that even increased diameter could positively
affect pressure consumption, prolonged residual time could increase tendency to
degradation. Concerning feed-block proposal, it should be highlighted that while
the variable feed blocks equipped with selector plug or spool could bring increased
production efficiency, namely in the case when broader material portfolio is pro-
cessed using the die or in the case when various additives modifying final properties
of prepared film are added, the fixed feed-block geometry is more reliable and
stable from process point of view, even they need to be mechanically modified
when extruded profile parameters are changed. Nevertheless, it should be kept in
mind that the optimal co-extruded film production is bonded to conjunction of the
feed block with the rest of a properly designed die. A suitably designed flat die
having the coat hanger, fishtail or T (typically utilized for coating and lamination)
shape manifold (see Fig. 4.10) must ensure laminar spreading of the co-extruded
material layers from the feed-block proportion, keeping the flatness of each indi-
vidual layer maintained without onset of the melt flow instabilities, into the
extension govern by die lips width or additionally restrict via a deckling system.
Furthermore, the melt residence time should not be idly prolonged, thus preventing
degradation problems or in some cases undesired heat transfer between layers. And
finally, another pursued aspect is keeping a pressure drop stabilized and under an
extrusion standard level, since not only any variation in melt temperature, but also
pressure instability is passed through the die with little to no damping and causing
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Fig. 4.10 Coat hanger, T and fishtail shape extrusion die geometry [43]

potential web processing troubles. Several adjustments could be utilized in order to
overcome inevitable variations in flow and limitations of dies machining to increase
the quality of the produced films. Thus, the dies are commonly equipped with
adjustable choke or restriction bars for melt flow correlation (pressure drop and
shear rate) in the manifold section and adjustable lips in the terminal section. There
are various types of bolts available for adjusting control. They could be set man-
ually by the help of push only/push—pull bolts, or automatically adjusting systems
utilize heated/cooled bolts (push only/push—pull) [43].

When web comes out of die gap, it is stretched in the air gap due to velocity ratio
of chill roll take-up and extrudate at die lips (defining drawdown ratio) determine
not only thickness of the film on the chill roll (equal to die gap thickness and
drawdown ratio proportion), but also narrowing of the molten web due to
“necks-in” and implicating moderate anisotropy-level film properties (Fig. 4.11).
Because edging profile inhomogeneity exists, usually the thickening of edges
compared to the centre is due to mentioned necks-in and/or in the case of
co-extrusion non-uniformity of layers occurrence is connected with encapsulation
phenomenon caused by variety in viscosity of processed materials [57], it is
important to detach them from the rest of the film. Though the modern flat dies
technology minimized problem with the film edges trimming, still there exists
disadvantage, particularly in multilayer film manufacturing using co-extrusion
process, linked to the wasting of trimmed material which cannot be recycled and
reused in the same film production.

Fig. 4.11 Web neck-in [43] D
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Casted polyolefin films are commonly characteristic by high-gloss, brilliant
optics, excellent heat sealing performance, and good dimensional stability.
Nevertheless, as it was already mentioned, the process significantly differs from the
film blowing due to the achieved orientation of manufactured film which is ordi-
narily conducted with unoriented or slightly unidirectional orientated structure.
While casting process guarantees the much more convenient uniform film thickness
distribution, compared to blowing process, due to the reduced level of orientation,
the achieved mechanical properties are lower. Thus, films with higher tensile
strength and stiffness, better optical and barrier properties are demanded, as for
example cellophane substitution, production of uni-axially and bi-axially oriented
films is possible using modified process and customized manufacturing line com-
posed of tenter-frame oven. In the tenter-frame process, an extruded quenched
extrudate is stretched after reheating in the MD (usual stretch ratio is kept between
4:1 and 6:1) using either a series of tempered orienting rolls with consequent
stretching in the TD (with ratio of 8:1-10:1) or one-step bi-axial stretching in the
air-heated tenter-frame unit by the help of a rail-guided chain with clips [58]. Even
the bi-axially oriented film lines based on the tenter-frame process tend to be very
large and complex, for PP film manufacturing they are used predominately to
double-bubble process-type lines.

One of typical applications of polyolefin films is to consequently use them in the
form of tapes which are prepared after melt quenching by film slitting with a row of
equally spaced blades. Tapes are often after their preparation abraded for gloss
loosing via their passing through a set of rolls with fine grit sandpaper with surface
speed higher than the speed of the tapes. The resulting abrasion both reduces the
gloss (undesirably, e.g. for products such as primary carpet backing) and increases
yarn-to-yarn friction coefficients. The tapes are then heated and drawn out at ratios
of 5:1 (yarns for carpet backing) up to 18:1 (cordage), depending upon the tensile
properties required for the final product and usually fibrillated via multiple short
cuts or splits parallel to the yarn axis, which is accomplished by passing the drawn
tape over a roller with rows of sharpened pins, which after the tape penetration slice
it for a length given by the speed ratio of fibrillator roll and movement of the yarn
and resulting in a “fishnet” pattern. After drawing (or fibrillation), the tapes are
finally reheated in order to relax the drawing stresses according to demanded
properties of the final product [59].

Another utilization of casted films is to use them for consequent lamination
purposes. Contrary to extrusion coating process, where thin layer of extruded
polymer melt is coated onto a substrate (usually paper, aluminium foil or plastic
film), in the lamination process, molten extruded polymer layer is used for adhering
of the substrate with the preheated previously prepared covering casted film.
Processing conditions of extrusion lamination and coating are very similar, and
compared to cast film extrusion, several differences could be identified. The
lamination/process is generally run under higher production speed (up to 900 m.
min~") with the longer distance between the flat die and chill roll (usually 120-
300 mm instead of standard casting gap of 25-65 mm). As it was already



4 Processing Techniques for Polyolefins 97

mentioned, the temperature of polymer melt is rather higher (around 300 °C). Even
the maintenance of polymer stability is important from the processing point of view,
and the possible moderate material oxidation positively promotes its adhesion to
substrate [60]. Nevertheless, also the viscosity of polymer melt reduction with more
intensive stretching (neck-in behaviour) due to bigger air gap is connected with
enhanced requirement on polymer melt strength. Increase of melt strength, gener-
ally denoted as pronounced strain-hardening behaviour, which is desirable much
like in blown film process, could be achieved by addition of materials with higher
long-chain branching level, as for example in case of autoclave LDPE, by polymer
treatment using high energy radiation (usually electron beam) or by utilization of
processing cross-linking agent, as for example small amount of peroxide.

4.7 Sheets, Pipes, and Other Profile Extrusion

Preparation of flat plastic sheets, insulation films, tubes, cardboards, frames, and
many other profile shapes from a variety of polyolefin-based materials (polymeric
in common) is in general referred further in this chapter. By using the same prin-
ciples of the initial steps, polymer particles transferred into the melt and then
transported forward to die exit; already discussed in more detail within the
description of processes for films production, thin coating and lamination layers
preparation are valid also for the extrusion of sheets, pipes or other profiles. The
main difference is in the thickness of manufactured extrudates and speed of the
extrusion lines directly determined by their total production potential with limita-
tion given by extruder geometry, cooling capacity, etc. Moreover, contrary to the
production of thin films where addition of high volume of fillers is definitely not
usual, as exception could be, however, introduced breathable hygienic (water
vapour permeable) films extrusion from LDPE and calcium carbonate powder
compounds, fabrication of filled polyolefins is often employed for the profile pro-
duction, particularly in order to increase modulus, impact resistance and strength of
final products, or merely to safe polymer matrix expenses.

Behind the lip of die exit, the processed material is cooled down to a temperature
that guarantees the desired shape using chill rolls, cooling baths, spray cooling
tanks or air racks regarding required rate and amount of energy removal from
manufactured polymer melt [61]. The polymer melts because of internal relaxation
processes governed by the polymer structure and die design undergoes die swell
(expansion) before its cooling as the pressure is released. Nevertheless, it is also
reduced mainly according to velocity difference of extruded web and draw-off
mechanism. In order to ensure demanded size of final products, the shape of
extruded profile is typically controlled using the dry, wet or combined calibration
tool which can be on top designed with independent water temperature control [62],
eventually in the case of elastomeric materials, profiles could be free sized with no
or few constrains [63, 64]. While avoidance of permanent deformation of the final
products is pursued, the draw-off profile is cooled to a temperature necessary for the
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achievement of mechanical properties required for post-processing operations as
cutting into transportable lengths, drowning onto a take-up roller, and/or packaging
[65].

For sheets, thick films, and other flat profile fabrication, the similar flat dies
together with cooling rolls are utilized as in the case of thin film manufacturing.
While the thinner gauge sheets are often applied for further thermoforming process
important for packaging applications such as drink cups, deli containers, produce
trays, baby wipe containers or margarine tubs, thick sheets are usually applied for
industrial and recreational applications such as truck bed liners, pallets, automotive
dunnage, playground equipment and boats. The further important utilization of
extruded polyolefins sheets is their application in building (road, tunnels and dam
constructions), mining industry and for municipal waste disposal in the form of
insulation films or geomembranes welded into large containment systems.

Concerning tube and pipe extrusion, polyolefin mono- or multilayer pipes of
small diameter in units of millimetre up to diameter more than 2 metres are pro-
duced mainly due to their chemical resistance properties, easiness of installation,
durability and cost saving comparing to metal or ceramic ones. HDPE as tough,
abrasion-resistant and enough flexible choice, even at subfreezing temperatures,
represents in this sector the most employed polyolefin type. Important applications
cover water mains, gas distribution, storm and sanitary sewers, interior plumbing,
electrical conduits, power and communications ducts, chilled water piping and well
casing [66]. Since the combined impact of internal pressure excessively supple-
mented with chemical aggressive medium could occur in the case of pipes appli-
cation in chemical industry, environmental stress cracking resistance could be one
of the pursued critical parameter. Similarly, the supply with hot water could induce
increased demands on the mechanical long-term stability. Satisfying level of
resistance to mechanical and environmental stress is achieved by utilization of
polymeric materials with enough extensive volume of high molecular weight
portion or in order to ensure appreciable process readiness, materials with bimodal
distribution could be advised with advantage [67]. Further possibility is an addition
of poly(1-butene), guaranteeing increase of mechanical stiffness as supplementation
effect attending its spontaneous polymorphic transformation, into the processed
material or utilization of cross-linked polyethylene (PEX) with built-up macro-
molecules network as a result of additional treatment via either radiation or intro-
duction of processing (peroxides) or post-processing (silane-based materials)
cross-linking additives [67-70].

Usually, standard extrusion line employed for wood—plastic composite
(WPC) profile fabrication (including decking, windows and doorframes, fencing,
and sheets for thermoforming of, for example, automotive components) is the
integral part of the WPC compounders manufacture side, historically more exten-
ded in North America but recently swiftly wide-spreading all over the world [71].
Just well-known WPC preparation employing some of the available compounding
technologies and its manufacturing is another important application of polyolefins,
since general plastic utilization is divided approximately by 70, 13 and 17 %,
between PE, PP and PVC resins, respectively [72]. Building and structural WPC
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end product properties are tailored via compounding of polyolefins with wood flour,
sawdust, or rice hulls together with additives such as colorants, coupling agents,
thermal and UV stabilizers, lubricants, and sometimes also blowing agents or
reinforcing agents, as well as mineral fillers [73, 74].

4.8 Foam Extrusion

One of the most recently developing polymer manufacturing industrial process is
foam extrusion. Driving forces for innovation tendencies in this sector could be
attributed not only to increasing demands on sound, mechanical and thermal
insulation properties of extruded polyolefins foams, but also to material weight
reduction efforts in relation to a hunting for possible economically based cost
savings. Foam extrusion varies significantly from the previously described pro-
cesses. The main differences are caused by necessity to (a) incorporate gas phase
into the processed polymeric materials, (b) ensure demanded size and shape of
prepared extruded profile complicated by the extrudate growth on the exit from the
die in connection with the foaming process and (c) provide enough time to solidify
shape and size stabilized foamed profile before its collapse.

From processing point of view, there exist two basic ways for the foaming
production: firstly, utilization of chemical blowing agents (CBA), producing gas as
a product of their thermal decomposing; and the second method is the dissolution of
physical foaming agents (PFA or PBA) in the polymer melt [75]. In more details,
the utilization of CBA is limited to several chemical substances that produce suf-
ficient amount of gas phase after thermal decomposition. For a long time, azodi-
carbonamide is widely employed all around the world since it offers beside suitable
decomposition temperature the extensive amount of decomposed gas phase con-
sisting of nitrogen and carbon monoxide. Moreover, decomposition temperature
could be modified regarding to processed materials through the incorporation of
various additives (e.g. zinc oxide or zinc stearate) in the region from 130 up to 210 °
C [76]. Employment of CBAs requires prior to own cell creation process during
polymer melt forming into the final product shape, their thorough and homogenous
incorporation into the polymer matrix as well as melt strength increase via gener-
ation of a specific cross-linking level either by peroxide addition or by high energy
radiation. Necessity to increase stability of polymer melt via cross-linking is con-
nected to the fact that CBA decomposition is often exothermic chemical reaction
causing viscosity decline; moreover, melt viscosity drops as gas phase is dissolved
within the polymer, but also due to lowered heat conduction ability of foam, thus
prolonging cooling time for its stabilization and solidification [77].

In general, using both blowing agents (1) either high-density, usually closed cell
structure, foams insuring only moderate reduction of mechanical properties with
relevant polymer weight saving or (2) low-density foams that provide significant
mechanical properties modification (closed, opened or closed/opened cell structure)
and acoustical absorption and/or thermal insulation (open cell structure) could be
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Fig. 4.12 Schematic of extrusion system with multihole nucleator, residence chamber [79]

produced. However, employment of PBA seems to offer several advantages over
CBA particularly due to the possibility to employ commercially accessible devices
(schematically shown in Fig. 4.12), as for example supplies Promix Solutions AG
[78] or Trexel Inc. [79] together with inexpensive CO, or other gas dosing (e.g. low
molecular weight hydrocarbons as propane, butane or pentane) instead of utilization
of chemical substances [80] which use could be potentially legislatively restricted
as it is actually relevant within EU for azodicarbonamide. While in the foam
extrusion process, firstly the solid polymer granules are melted in the same way as it
is common in other extrusion process, dissolution of the PBA, injected under the
pressure into the polymer melt, is necessary. Satisfying level of melt/gas solution
homogenization is highly desirable, since concentration of PBA significantly effects
drop of melt viscosity, thus minimizing local viscosity variations. Appropriate gas
solution, directly driven by its solubility [81], is achieved either via employment of
twin-screw extruders, long-screw geometries, static mixers or residence chamber.
Since this gas incorporation and dissolution into the polymer melt causes its
plasticization connected with the significant viscosity to decrease (30-70 % com-
pared to the same melt without blowing agents [82]), melt temperature prior to its
foaming, after satisfactory gas distribution and thorough homogenization, decreased
in order to increase the foamed structure stability. Therefore, the utilization of
tandem arrangement of extruders or extruder in combination with static mixer is
convenient in order to reach the lowest permissible temperature decline providing
maximal increase of melt stability for the final processing stage when foaming
structure is formed.

When the pressure falls as the melt reaches the die exit, gas starts to diffuse out of
the melt and bubbles are nucleated and formed. Cells grow rapidly and consequent
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retention of the foamed structure is from the stability point of view, due to bi-axial
extension of the bubble wall, dependent mainly on the melt strength [83].
Employment of branched polymers as LDPE, metallocene PE or high-melt-strength
PP, typical for their strain-hardening behaviour, is thus the right choice for the
successful foam extrusion process. In this respect, also blending of processed
polymers with branched ones or introducing cross-linking bonds via in-line
branching reactions could be the proper instrument positively effecting extrusion
process. During bubble nucleation, which could be positively influenced by the
utilization of nucleation additives, further stabilization of the foaming process is
achieved due to the gas exclusion into the cells causing melt viscosity and strength
increase. Maintenance of the cell structure to resist rupture before polymer crys-
tallization during the cooling phase is another critical aspect restraining foamed
profile collapse because of the cell coalescence [84]. Finally, since the permeation of
hydrocarbons PBA through polyolefins is faster compared to air, the ageing of
polyolefin foam needs to be considered to avoid post-processing shrinkage. As it was
described by Cronin [85] and Park [86] utilization of fatty acid esters, fatty acid
amides and fatty acid derivatives stabilizes the foams by modifying the permeability
of polymer, ideally causing matching of permeability of foaming gas and air. Here,
also blending of polyolefins with other polymers as for example acrylic resins or
ionomers could be helpful in foam manufacturing processes [87].

4.9 Fibre Production

Fibre manufacturing is another intensively evolving polymer processing area. The
advantage of polyolefin fibres is not only their durability, chemical resistance, and
lightweight but particularly a positive production economic aspect. Their manu-
facturing is possible via all the typical fibres and filaments production technologies
utilized for synthetic polymeric materials, beside polyolefins, mainly polyesters,
polyamides, or polyacrylics could be mentioned. While melt spinning, as for
example non-woven technologies as melt-blowing and spunbond, is used domi-
nantly, dry and wet spinning technologies are employed for only a limited amount
of applications. For example, the low entangled polymer gel-spun UHMWPE fil-
aments are crystalized (after their coagulation in one- or multiple-step drawing
process at an appropriate temperature) in the form of highly oriented
high-performance fibres during the wet spinning process known as solution-gel
spinning technology [88].

Contrary to the tape fibrillation process described previously in the chapter for
cast film process, in the melt spinning manufacturing, the polyolefin matrix after its
melting is extruded at very high speed through a spinneret (multiple hole extrusion
die having thousands of tiny openings per spinning position guaranteeing pro-
duction of thin fibres structure) in the form of very fine one or bicomponent



102 T. Sedlacek

/:"l\ -.\'\_ / . .l .. \
f \\ \ lo o. c. ®
L / s J
\k __..-/; . 'o.. ¥
Sheathcore Side by side Eccentric Islands in the sea Citrus

Fig. 4.13 Cross section of bicomponent fibres [90]

filaments with several possible cross-sectional shapes (e.g. circular, triangles, hol-
low, C or Y) and structures (sheath-core, side-by-side, excentric, islands-in-the-sea,
citrus, etc. as depicted in Fig. 4.13), which are further reinforced via drawing
process [89].

After their drawing via air jet, prepared fibres are collected in the form of
continuous fibres randomly arranged and bonded together through self-binding,
heat sealing with binder fibres or externally bonded using vinyl or acrylic com-
pounds into a continuous sheet using calenders, ultrasonic techniques, short ovens
and suction drum units in the spunbond process creating spunlaid fabrics. On the
other hand in the melt-blown process, ultra-fine choppy microfibers of diameters in
the range of 2—4 um, generally made of polypropylene with high melt flow index,
collected in a self-bonding web via a conveyor or take-up screen are formed by the
help of spinneret or spray gun using high-velocity hot air jet. Since big efforts have
been devoted recently to the melt-blown fibres processing development, production
of microfibers as small as 0.1 pm and as large as 10-15 pm is also possible. Due to
the lower strength compared with spunbond, combination of various non-woven
fabric structures is often utilized, as for example spunbond/melt-blown/spunbond
(SMS), where spunbond layers are applied for mechanical strength ensuring and
centre melt-blown layer for increasing barrier properties, which affects filtration
characteristics and resistance to penetration by aqueous liquids [91]. Since poly-
olefin fibres extruded via melt spinning process through the spinneret are neither
oriented nor drawn, several consequent steps are usually required before the fin-
ished fibre is ready for conversion in the textile industry. This is done via the
conventional two-stage process, when final drawing of fibres are carried out using
the addition fibre line, or via the single-stage compact process, when spun material
is directly further processed as for example stretched, winded and/or crimped [92].

Prepared filaments and fibres are applied not only in the floor coverings as the
most important utilization for PP, but also medical, hygienic, apparel, automotive
and/or agricultural sectors became crucial, for applications such as disposable
diapers, sports underwear and equipment, artificial grass, geo textiles, ropes, car
seats, oil wipes, wet and dry filters or membranes. Physical and chemical properties
of polyolefins fibres are developed for many applications, in order to increase
comfort characteristics, tensile strength, and/or other utility properties they are often
blended, co-processed or combined with other materials such as polar acrylics,
wool, bonding agents, hydrophilic fillers, or stabilizers.
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Chapter 5
Polyolefin Blends

Adriaan S. Luyt

5.1 Introduction

Polymer blend is a very important application in the field of materials, and this has
been widely investigated. The preparation of polymer blends gives the opportunity
for preparing new materials with a good mix of the best properties of the component
polymers in the blends. The extent to which the properties of the material are
improved depends mainly on the morphology of the blend and the interaction
between the different components in the blend. The best mix of properties is
obtained when the polymers in the blend are completely miscible, but there are only
very few polymer pairs that form completely miscible blends.

Immiscible polymer blends normally have a sea-island structure, where one
polymer is dispersed as (normally spherical) ‘particles’ in the other polymer, which
forms the matrix, or a co-continuous structure, where both polymers are equally
distributed in the blend without one polymer forming a continuous phase. For the
blends to have good mechanical properties, it is also important that there is good
interaction between the different components in the blend. To ensure this,
researchers have tried a variety of methods to compatibilize the polymers in blends.
The most used method is to add a third polymer, which interacts well with the other
two polymers, into the blend. Reactive blending is another well-used method, and
recently, a lot of investigation went into the use of (especially clay) nanoparticles to
improve the interaction between the polymer components by locating themselves
on the interfaces between the polymers.

This chapter describes the recent research on the morphologies, properties and
morphology—property relationships of a variety of blends having at least one
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polyolefin (polypropylene or one of the polyethylenes) as a blend component. It
also highlights the possible applications of polyolefin/polyolefin blends and poly-
olefins blended with a number of other commercial polymers.

5.2 Polyolefin/Polyolefin Blends

5.2.1 Blends with Ultra-High Molecular Weight
Polyethylene (UHMWPE)

UHMWPE has excellent friction and wear characteristics, as well as good notched
impact strength, energy absorption capacity at high loading rates, and very low
embrittlement temperatures [1]. It is used in ballistics composite materials, bearing
components, and medical materials in total joint replacement. It has a very high
melt viscosity (108 Pa s), and it hardly flows above its melting point because of its
high molecular weight. UHMWPE powders suspended in liquid LDPE or LLDPE,
and their blends, show two-phase morphologies on the mesoscale. The mixture is
therefore processable by conventional injection moulding machines and screw
extruders. Due to the thick interfaces of UHMWPE/normal molecular weight
polyethylene (NMWP) blends, there is no significant reduction in their excellent
mechanical properties such as tensile and impact strength.

There is also interest in the development of different crystal structures in these
systems. Such investigations are especially important to understand the morphology
development during injection moulding. Both shish-kebabs and B-cylindrites are
flow-induced crystals and are formed from stretched chains [2, 3]. A good under-
standing of the factors that influence the final morphologies that grow from the
stretched chains provides more insights into the mechanism of flow-induced crys-
tallization as well as valuable guidance in controlling the final morphology of
products in industrial production.

Isotactic polypropylene (iPP) is among the most used polymers because of its
high stiffness, excellent water and chemical resistance, low density, ease of pro-
cessability, and superior performance-to-cost ratio. However, low heat distortion
resistance and poor impact behaviour limit its applications. Injection-moulded
samples of iPP/UHMWPE blends were prepared by a mini-injection moulding
machine, which can provide high mechanical stresses to induce the formation of
stretched chains, in order to investigate the coexistence of the shish-kebab and -
cylindrite structures [2, 3]. UHMWPE was added into an iPP matrix in order to
enhance the flow-induced crystallization of iPP. The density of row nuclei was
found to be critical for the formation of shish-kebab-like structures, B-cylindrites,
and B-spherulites in mini-injection-moulded iPP/UHMWPE samples. When the row
nuclei was dense enough, shish-kebab-like structures formed. As the density
decreased, B-cylindrites and B-spherulites appeared. At low densities, or when no
row nuclei existed, B-crystals disappeared and a-spherulites dominated. It was also
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found that during isothermal and non-isothermal crystallization processes, the
overall crystallization rates of iPP increased with the addition of UHMWPE.
Different nucleation mechanisms were observed for isothermal and non-isothermal
crystallization. In non-isothermal crystallization, the primarily formed UHMWPE
crystals acted as nucleating agents, largely increasing the number of heterogeneous
nuclei for iPP crystallization, while during isothermal crystallization the UHMWPE
in the blends was in an amorphous molten state. It was proposed that the interfaces
between the iPP and the UHMWPE phase domains preferentially induced iPP
crystal nuclei, which effectively enhanced the isothermal crystallization rate [4].

As already mentioned, the special composite microstructure of UHMWPE,
where long, regular, and non-polar chains always connect different lamellae through
the amorphous phase, gives it outstanding mechanical properties, very low friction
and wear rate, excellent fatigue resistance, and recognized biocompatibility [5, 6].
UHMWPE is therefore used for load-bearing, articulating surfaces for the
metal/articular pair in total joint arthroplasty. However, the use of UHMWPE
implants in the case of high-stress applications such as total knee implants, espe-
cially in younger and more physically active patients, is limited. The damage to
UHMWEPE in vivo caused by wear debris, oxidation, or mechanical performance
degradation adversely affects the long-term performance of the reconstructed joint.
It is therefore important to enhance the mechanical properties of the UHMWPE
implants without sacrificing the wear resistance and oxidation stability. Xu et al.
[5, 6] successfully improved a number of properties of UHMWPE/low-molecular-
weight polyethylene (LMWPE) blends through the formation of an interlocking
shish-kebab self-reinforced superstructure by applying shear flow during the
injection process. This superstructure made the PE blend samples very strong, and
its rigidity improved the wear resistance along the direction of shear flow. When
low-molecular-weight, low-density polyethylene (LMWPE) was solution-blended
with UHMWPE and the film studied under a controlled temperature-gradient field,
it was found that no clear lamellae were formed in the B-LMWPE-rich phase due to
complex interactions such as solvent evaporation, crystallization, and phase sepa-
ration [7]. However, the lamellae in the UHMWPE-rich phase became more dis-
ordered as the temperature was increased. The preferred orientation of the lamellae
also strongly depended on the annealing temperature, and they stacked regularly
and oriented parallel to the film surface at lower temperatures. However, the
lamellae preferably oriented along the normal to the film surface, with a random
distribution around that direction at higher temperatures. The film drawability was
also influenced by this arrangement, as shown in Fig. 5.1.

When studying UHMWPE blended with low-density polyethylene (LDPE) and
linear low-density polyethylene (LLDPE), it was found, using analysis of the log—
additive rule, Cole—Cole plots, Han curves, and Van Gurp’s plot, that the
LDPE/UHMWPE blends were miscible in the melt [8]. However, the thermal
properties and morphology of the blends were not consistent with the rheological
properties. The latter showed liquid—solid phase separation as a result of the dif-
ferent rates of crystallization of LDPE and UHMWPE. However, the rheological
properties and electron microscopy images of LLDPE/UHMWPE blends showed
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(a) Lower temperature — Higher temperature

B-LMWPE-phase Entanglement UHMWPE-phase

Fig. 5.1 Schematic of a the entanglements between UHMWPE-rich phases, where the ellipsoid
represents the UHMWPE-rich phase and the nets between the ellipsoids are the entangled chains
of UHMWPE, and b lamellae development in UHMWPE-rich phase under a T-gradient field,
where A, B, and C correspond to the annealing temperatures 53, 77, and 93 °C, respectively [7]

partial microphase separation, with the extent of phase separation depending on the
LLDPE content.

UHMWPE can also be blended with random ethylene co-polymers, but it is dif-
ficult because of a sudden decrease in the crystallinity with an increase in the incor-
porated monomer content [9]. This leads to a significant change in the co-polymer
mechanical properties and deformation. A metallocene/methylaluminoxane
(MAO) catalyst normally provides high-yield synthesis of polyolefins and olefin
co-polymers, with a high incorporated a-olefin content. These catalytic systems allow
one to control the structure and properties of the blend components and, therefore, to
control the crystallization processes, morphology, and overall properties of the reactor
blends. The precatalyst nature determines the molecular weight of the product.
Ushakova et al. [10] found that the introduction of random ethylene/1-hexene
co-polymers (CEHs) led to the modification of nascent reactor-blended crystalline and
amorphous phases. The possibility to widely vary the composition and morphology of
the co-polymer fraction from semicrystalline to completely amorphous in the poly-
merization with a zirconocene catalyst allowed them to change the material crys-
tallinity and density. The tensile properties and melting indices of these blends
depended on the properties of the UHMWPE fraction and the content of the CEH
fraction, and on the co-polymer composition. These blends showed a high enough
strength because of the presence of many interlamellar tie-molecules in the UHMWPE
fraction.



5 Polyolefin Blends 111

5.2.2 Shape Memory Applications

Shape memory (SM) functionality is the ability of a material to fix one or more
‘temporary’ shapes after a quasi-elastic deformation and to recover its original
(‘permanent’) shape through stored elastic and viscoelastic stresses that drive SM
recovery after the application of an external thermal stimulus. This is normally
linked to a thermal transformation like melting/crystallization or glass transition in
the polymer that has a covalent or physical network. Radusch et al. [11] created SM
polymers through covalently crosslinked polyolefin blends. Distinct multiple SM
behaviour with high performance was obtained by blending polycyclooctene
(PCO), which is thermodynamically incompatible with polyethylenes and has a low
viscosity in the melt, with the polyethylenes. All the investigated materials were
either quenched or slowly cooled from the melt before crosslinking. The subsequent
crosslinking was performed by electron beam radiation at room temperature to fix
the phase morphology, which was generated during mixing and thermal treatment.
They found multiple SM behaviour only through the blending of thermodynami-
cally incompatible materials. They also found that thermal history alone was not
sufficient to improve the phase separation in thermodynamically compatible blends,
which is a requirement for pronounced multiple SM behaviour. Their blends seem
to have good potential for applications requiring multiple shape changes between
60 and 135 °C.

SM effects can also be induced by mixing two polymers with widely different
melting points, such as LLDPE (122 °C) and PP (165 °C). A new shape memory
mechanism for an LLDPE/PP/LLDPE-PP ternary SM blend was proposed [12], in
which the two components that had quite different melting points both contributed
to the SM performance. The PP acted as a fixed phase, the LLDPE was the
reversible or switch phase, and the LLDPE-PP acted as compatibilizer to improve
the compatibility of the blends. The strong interaction between the fixed and
reversible phases, and appropriate blend ratios was important for the good shape
memory effect of the blends. It was found that during the deformation process, the
droplets of the fixed phase were unchanged, while molecular orientation occurred in
the reversible phase (Fig. 5.2). Consequently, heating the material and releasing the
stress reversed the shape back to the original.

Triple SMPs have one permanent shape and two temporary shapes, compared to
the traditional double shape memory polymers (SMPs) that have only one permanent
and one temporary shape. Triple SMPs can therefore provide more complex actuation
than double SMPs. While double SMPs only need one reversible phase, triple SMPs
generally need two reversible phases. Zhao et al. [13] first built a co-continuous
architecture in immiscible polyethylene (PE)/polypropylene (PP) blends, and then
prepared triple SMPs through chemical crosslinking of the blends. The co-continuous
window of typical immiscible PE/PP blends is a volume fraction of PE of approxi-
mately 30-70 vol.%. This architecture can be stabilized by chemical crosslinking.
Different  initiators,  2,5-dimethyl-2,5-di(tert-butylperoxy)-hexane = (DHBP),
dicumylperoxide (DCP) coupled with divinylbenzene (DVB) (DCP-DVB), and their
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Fig. 5.2 Schematic figures of the shape memory mechanism of LLDPE/PP/LLDPE-PP
blends [12]

mixture (DHBP/DCP-DVB) were used for the crosslinking. They found that DHBP
produced the best crosslinking, and DCP-DVB the worst. The chemical crosslinking
caused lower melting temperatures (7,,,) and smaller melting enthalpies (AH,,).
A similar investigation [14] looked at the multiple-shape memory capability of
polyethylene blends that were crosslinked at the interface between a thermoplastic and
an elastomer. An optimized composition containing 80 wt% ethylene octene
co-polymer (EOC), 15 wt% LDPE, and 5 wt% HDPE was lightly crosslinked using
DCP. The blend was found to contain finely dispersed crystalline phases, which
selectively melted at distinct temperatures. The crosslinked blend was successfully
programmed to a dual-, triple-, and quadruple-shape memory effect. The triple- and
quadruple-shape memory showed well-defined intermediate temporary shapes
(retraction < 0.5 % K ') over a significantly broad temperature range (up to 30 K),
large storable strains (up to 1700 %), and nearly full recovery of all the shapes
(>98.9 %).
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HDPE, poly(e-caprolactone) (PCL) (which is not a polyolefin, but is included
here because of its shape memory behaviour) and binary HDPE/PCL blends con-
taining the crosslinking agent dehydrobenzperidol peroxide (DHBP), with different
mass ratios of the components, were investigated for their two-way shape memory
behaviour [15]. Two-way SMEs show, on the one hand, anomalous elongation of a
sample initiated by non-isothermal crystallization during cooling under load (at a
constant force) and, on the other hand, the expected contraction of a sample during
heating under the same load triggered by melting of the oriented crystalline phase.
In contrast to irreversible one-way SMEs, invertible two-way SMEs can be
reproduced repeatedly as long as the sample is loaded and the temperature change is
enough to cause consecutive crystallization and melting of the sample. The SME
performance of crosslinked semi-crystalline polymers therefore strongly depends
on the properties of the crystalline structure and of the covalent polymer network
generated in the material.

5.2.3 Compatibilization

Compatibilization of polymer blends is not a new concept, but some recent studies
proposed innovative ways of compatibilizing polyolefin—polyolefin blends.
Recently, the Dow Chemical Company developed a chain-shuttling catalyst tech-
nology to synthesize novel olefin block co-polymers (OBC) in a continuous process
[16]. The OBC contains crystallizable ethylene/octene blocks with a very low
octene content and a high melting temperature, alternating with amorphous
ethylene/octene blocks with a high octene content and a low glass-transition tem-
perature. Compared to statistically random ethylene/octene co-polymers, the OBC
was much more effective in compatibilizing PP and high-density polyethylene
(HDPE) blends. The adhesion of four OBCs to PP and HDPE was studied using
microlayered PP/OBC/HDPE tapes [16]. Adhesive delamination occurred at the
PP/OBC interface for all these OBCs. Two regimes were defined based on the
tie-layer thickness. The delamination toughness increased linearly with increasing
tie-layer thickness for all the OBCs in the thick tie-layer regime, which indicated
that the energy was dissipated by deformation of the entire tie-layer, while the
delamination toughness decreased more rapidly with decreasing tie-layer thickness
in the thin tie-layer regime due to a highly fibrillated damage zone morphology.

5.2.4 Epitaxial Crystallization

Heterogeneous epitaxy is a specific interfacial crystallization between different
polymer pairs due to lattice matching. Heterogeneous epitaxy at interfaces may be
an active way to improve the mechanical properties of polymer blends, especially
for incompatible systems. The epitaxial growth of HDPE and LLDPE on the
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oriented iPP lamellae, to obtain epitaxy during industrial processing and to obtain
super polyolefin blends, has been clearly demonstrated, and it was shown that chain
orientation induced by shearing facilitates epitaxy [17]. The crystallization of
propylene-ethylene random co-polymer (PPR) is significantly promoted by flow
and occurs before that of HDPE in their blends, and this sequence determines the
epitaxial growth of HDPE on the PPR crystals. In a blend with HDPE as matrix,
however, the epitaxial growth of HDPE under flow competes with the
shear-induced formation of shish-kebabs. If shear-induced crystallization is acti-
vated, the epitaxial growth of HDPE will be suppressed and the crystallization
sequence will have little effect.

Heteroepitaxy of polymers is a method to improve the mechanical properties of
polymer blends, especially for incompatible systems. The epitaxy mechanism of
iPP/HDPE was found to be clear [18, 19]. The epitaxially grown HDPE chains
interact with rows of methyl groups that populate the iPP (010) alpha plane, since
the PE chains exactly fit into the valleys formed by the methyl groups. However,
well-defined epitaxial growth can only be obtained by either (a) vacuum
deposition/casting film crystallization of iPP (or HDPE) onto single crystals or
oriented films of HDPE (or iPP), or (b) annealing of drawn blends of iPP/HDPE and
sandwiched films of iPP/HDPE. No well-defined heteroepitaxy has been achieved
in polymer blends produced by traditional processing methods (such as injection
moulding and extrusion). Deng et al. [18, 19] performed experiments to investigate
the possible epitaxial growth between iPP and HDPE by using micro-injection
moulding, which can prepare highly oriented samples, and they managed to achieve
epitaxial growth at high shear and suitable temperatures. Another group [20], in a
similar study, illustrated successful control of the blend superstructure via dynamic
packing injection moulding. The crystalline and oriented structure in moulded bars
of LLDPE/iPP blends was identified with the aid of two-dimensional wide-angle
X-ray diffractometry. The iPP, which was the dominant phase, was highly oriented
in the blends. The LLDPE was epitaxially crystallized on the oriented iPP and the
contact planes were (100);;ppg and (010);pp, resulting in an inclination of the
LLDPE chains, about 50° to the iPP chain axis. Since iPP was the minor phase, it
had a low level of orientation and there was no epitaxial growth between iPP and
LLDPE, and the LLDPE remained oriented. The observed epitaxial growth of
LLDPE on the oriented iPP was due to (1) the effect of the crystallization sequence,
(2) the composition dependence of the oriented iPP structure, and (3) a ‘mutual
nucleation’ phenomenon, where the two components acted as nucleating agents for
each other.

The epitaxial growth and the formation of a shish-kebab structure were also
investigated in high molecular weight iPP (HMW-iPP)/low-molecular-weight
LLDPE (LMW-LLDPE) blends [21]. The formation of the initial crystallization
precursor structure was investigated by using synchrotron WAXS/SAXS tech-
niques at 130 and 140 °C. Shear was applied at temperatures above the cloud points
of these blends, and therefore, the HMW-iPP chains could form a flow-induced
crystalline structure in the blends only at 6 and 9 wt% of HMW-iPP; LMW-LLDPE
merely served as the amorphous matrix (Fig. 5.3). When the HMW-iPP
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Before shear After shear

Fig. 5.3 Schematic illustration of initial crystallization precursor structure (stable critical nucleus)
formation in HMW-iPP/LMW-LLDPE blends after cessation of flow. Before flow, HMW-iPP
chains (solid lines) form a network with a given entanglement density in the LMW-LLDPE matrix
(blank area). During shear, stretched chain segments begin to form initial crystallization precursor
structure via local parallel packing. r and r* represent the sizes of initial precursor and critical
nucleus for crystallization, respectively. When r > r*, the precursors can further develop into
crystals [21]

concentration was low, no flow-induced crystallization was observed at both tem-
peratures. When the concentration of HMW-iPP increased above 3 wt%, the
flow-induced nucleation, crystallization kinetics, crystallinity, and lamellar orien-
tation were all significantly improved.

During the extrusion of linear polyethylene (LPE) and iPP blends, the epitaxial
crystallization of these blends yielded two types of epitaxial structures: (1) ho-
moepitaxy of both components where the branches, shorter in iPP and longer in
LPE, were initially oriented perpendicular to the extrusion direction, and
(2) heteroepitaxy of LPE on initially crystallized iPP fibrils [22]. The positive
mutual interaction of iPP and LPE was the result of the solid iPP representing a
heterogeneous nucleation surface for LPE crystallization such that its lamellae were
inclined +50° to the extension direction. The limited mutual solubility of the two
blend components influenced the crystallization and melting behaviour of the blend.
The blend extrusion led to the iPP phase being slightly oriented towards the
extrusion direction. The relatively short crystallization time resulted in a higher
amorphous content and lower crystallinity, crystal size, and melting temperatures
than in other highly oriented or annealed samples of iPP or LPE.

5.2.5 Other Crystallization Phenomena

As already described in the previous section, crystallization of the different com-
ponents in a blend is a very important factor in determining the interaction between
the different components and the blend properties. Generally, higher molecular
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weight will give rise to better final mechanical properties, but it also results in high
melt viscosity and poor processability, which limits the application of PE [23].
Polyethylene with bimodal molecular weight distribution (defined as bimodal PE)
can address this conflict between mechanical properties and processability. In
bimodal PE, the low-molecular-weight fraction contributes to the stiffness and creep
resistance in the crystalline state, and reduces the melt viscosity during processing.
The high molecular weight fraction forms the tie-molecules that connect the crystal
lamella mainly formed by the low-molecular-weight fraction, enhancing the impact
strength and stress cracking resistance. Bimodal PE is produced through two
methods in industry: the reactor in series configuration and the single reactor with
dual site catalysts.

There was a fair amount of research into the crystallization behaviour of the low
and high molecular weight components in bimodal polyolefin blends. In one such
an investigation [24], differential scanning calorimetry was used to investigate the
non-isothermal crystallization behaviour of blends containing low-molecular-
weight polyethylene (LMWPE) and high molecular weight polyethylene
(HMWPE). When LMWPE was added, the molecular weight (MW) of the blends
decreased and the molecular weight distribution (MWD) broadened. Meanwhile,
the low-molecular-weight fractions also increased, and the blends gradually showed
obvious bimodal MWD (Fig. 5.4). The Avrami analysis modified by the Jeziorny
theory and Mo’s method successfully described the non-isothermal crystallization
process of these bimodal PE blends, although some complicated relationships
between the MW and the different analysis parameters were obtained.

In bimodal polyethylene (BPE) blends, the high molecular weight fraction with a
higher degree of branching gives BPE better toughness and environmental stress
crack resistance, while the low-molecular-weight fraction with a more linear chain
structure ensures good processability of the material [25]. When blending an HDPE
sample and an LLDPE sample with almost the same molecular weight distribution,
but with a considerable difference in the short-chain-branching (SCB) content,
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blends with a bimodal chain branch distribution and a normal unimodal molecular
weight distribution were obtained. A certain degree of co-crystallization was
observed for all the blends, even after thermal fractionation, and crystal perfection
was improved by the co-crystallization because the crystallizable fragments formed
more prefect lamellae in the blends. The co-crystallization behaviour of this blend
system effectively promotes fracture toughness, because the work of fracture (w,) of
the different blends was much higher than those of pure LLDPE and pure HDPE.

It is known that increasing MW brings good stress crack resistance and
toughness to PE, but results in difficulty in processing. On the other hand, lower
MW, which normally improves stiffness and ease of processing, reduces the
toughness. In order to balance the relationship between processing and mechanical
performance, one should simultaneously consider the MW and chain-branching
parameters. With this in mind, the melt-blending of different PEs has been suc-
cessfully applied in industry. However, since the crystalline phase accommodates
only linear chain segments, a slight variation in the chemical structure of the PE
segments that participate in the crystallization may cause these segments to be
rejected by the crystalline phase, resulting in individual crystalline phases and/or
segregation. In the absence of any force between the chain segments, the com-
patibility of different PEs depends on the accommodation of different chain seg-
ments in the crystalline phase. Analysis of the melting curves of HDPE/LLDPE
blends after successive self-nucleation and annealing (SSA) treatment showed
co-crystallization through a variation in the relative amount of each melting fraction
[26]. When enough HDPE was added into the blends to make the number of
melting peaks increase, co-crystallization occurred because the interaction between
the HDPE and LLDPE molecules resulted in a new fraction forming with inter-
mediate lamellar thickness. Once a new thermal fraction with much thicker lamella
appeared through variation of the blend composition, the thickness of the original
fraction slightly decreased, indicating that some long linear methylene segments
were affected by the presence of HDPE and transferred from the original fraction to
the newly formed fraction.

Liquid-liquid phase separation and crystallization are basic phase transitions in
polymer blends. The interplay of these two processes to a large extent controls
polymer morphologies. During isothermal crystallization, with the exception of
very low-molecular-weight materials, co-crystallization also occurs between dif-
ferent materials. A study of the crystallization and melting behaviour of linear and
branched polyethylenes, and their blends, using DSC and synchrotron SAXS
techniques showed that co-crystallization occurred in a blend of linear polyethylene
and branched polyethylene of 4.8 % hexene, whereas a blend of linear polyethylene
and branched polyethylene of 15.4 % hexene showed macroscopic liquid-liquid
phase separation [27]. SAXS results indicated that a large decrease in the long
period in the initial stage of crystallization occurred during cooling, which gradu-
ally levelled off in the final stage. This has been explained by the lamellar insertion
model, where additional thin lamellae are inserted into the thicker primary stack
yielding a significant decrease in the long spacing (d,.) of average lamellar stacks,
and the average lamellar thickness (d,.).
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D-HDPE (low MW) H-LLDPE (high MW)

Fig. 5.5 Schematic hierarchy of microscopic structure of PE blend spherulites consisting of
semicrystalline lamellar ribbons. Green in the composite image indicates D-HDPE, and red
indicates H-LLDPE. The dotted rectangular box in the molecular structure indicates the unit cell
of crystalline PE, with the unit cell parameters (a, b, ¢) as indicated [28]

The actual crystalline structure of polyolefin blends can be investigated through
broadband coherent Raman (CARS) microscopy, which is a 3-D chemical imaging
technique with high efficiency, developed to acquire simultaneous compositional
and orientational images of multicomponent biological and materials systems [28].
CARS microscopy can simultaneously be an image of chemical composition and
molecular orientation of the high and medium MW chains in a polyethylene
semicrystalline blend. It was found that there was a gradual exclusion of the
medium MW chains from the spherulite centre and its amorphous characteristics, a
higher degree of crystallinity of the medium MW chains in the ring banding, and a
filling of the interstack amorphous regions by medium MW chains (Fig. 5.5).

5.2.6 Waste and Recycling

Blending of polyolefins is increasingly used to produce usable materials from
polymer waste, to improve the processing and to retain the good thermal and
mechanical properties. Blend prepared from virgin and/or recycled components is a
well-established strategy to handle post-consumer and post-industrial polymeric
wastes. HDPE and PP constitute a significant portion of post-consumer waste [29].
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PP is widely used for carpeting, packaging, and other applications, while HDPE is
mostly used in the packaging of consumer and industrial products. Their occurrence
in mixed scraps is likely to occur, and a complete separation of these two poly-
olefins is costly and almost impossible because of their close densities and simi-
larity of other physical properties. PP shows a relatively low modulus, yield
strength, and resistance to creep that limits its applications, but these properties can
be improved by mechanical blending with PE.

Fang et al. [30] blended waste PP and investigated the mechanical and thermal
properties of this binary blend. They wanted to improve the compatibilization of the
binary blend through adding different compatibilizers (EPDM and PE-g-MAH) and
a montmorillonite nanofiller, and comparing the different compatibilization effects.
They blended the waste PP and PE with the different compatibilizers in a
twin-screw extruder. The tensile and impact strength of the uncompatibilized blends
showed a slight improvement, but the compatibilizer improved only the impact
strength. The waste PP reduced the thermal stability of the blends. When the
amount of waste PP was 60 wt%, the thermal stability almost reached the level of
pure waste PE, but the presence of the O-MMT improved the thermal stability.
EPDM had a better compatibilization effect than PE-g-MAH, but the PE-g-MAH
more significantly improved the mechanical properties. Crosslinking through
electron beam irradiation was also used to compatibilize waste polymers in a blend
[31]. It was found that blending of waste PE with virgin HDPE and LDPE, and
irradiated with an electron beam, increased the crystallinity and induced
crosslinking in the blends.

5.2.7 Rheological Properties

LDPE, produced by radical polymerization at a high temperature and pressure,
having a broad molecular weight distribution and long-chain branches, shows good
foaming, blow-moulding, film-blowing, and extrusion coating processability. The
melt elasticity of LDPE is normally enhanced by blending with LLDPE or HDPE,
although both LLDPE and HDPE normally have a narrow molecular weight dis-
tribution and no long-chain branches. Mieda et al. [32] investigated the flow
instability at capillary extrusion of blends composed of LDPE, as a
long-chain-branched polyethylene, and three types of linear polyethylenes having
different molecular weights. The effect of shear viscosity of the linear polyethyle-
nes, which plays an important role in anomalous behaviour, on the flow instability
at capillary extrusion was studied in detail. The blends containing linear PE with a
high shear viscosity showed a synergetic effect, i.e. an enhanced zero-shear vis-
cosity and marked strain-hardening. The blends showing an anomalous rheological
response exhibited shark-skin failure at low shear stress, which was explained by
the high Deborah number for the blends. The blends showed severe melt fracture
compared to branched PE. Increased strain-hardening in elongational viscosity and



120 A.S. Luyt

a large entrance angle at the die entry were found to be responsible for this
observation.

Rheological measurements were also used to detect subtle viscoelastic changes
in two metallocene polyolefin co-polymers, poly(ethylene-co-hexene) (PEH), poly
(ethylene-co-butene) (PEB) and their 50/50 w/w blend, by changing the moulding
conditions [33]. A low level of long-chain branching (LCB) was detected in the
PEB component (with higher short-chain branching (SCB) level), because of the
active tertiary carbon atoms on its backbone. Since the relaxation and diffusion of
polymer chains can be significantly retarded by LCB, this structure is expected to
further affect the phase separation kinetics of these blends. Since PEB is less stable
than PEH for moulding at temperatures above 100 °C, thermal oxidation-induced
LCB was detected on PEB and the blend by rheological measurements that were
more sensitive to detect the low level of LCB than other methods such as FTIR, gel
extraction, and GPC. Gel extraction and GPC results indicated that there was no
crosslinking for all the PEB and blend samples, which indicated that the slight LCB
retarded the development of phase separation. Once LCB was beyond a certain
level, the readily formed LCB entanglements prevented chain diffusion of PEB, and
then phase separation could hardly occur.

Another investigation looked at the influence of different LDPE dispersed phases
on the linear viscoelastic behaviour and elongation in the melt of LLDPE/LDPE
blends [34]. In the case of blends of Ziegler—Natta LLDPE with LDPE, the linear
viscoelastic spectrum showed an additional contribution, which could not be
explained by the assumption of a simple dispersion of LDPE droplets in the LLDPE
matrix. This contribution was not present when the matrix was a homogeneous
LLDPE obtained by means of a single-site catalyst. It was therefore probably due to
the existence of a thick interphase formed by a fraction of the longest linear
molecules of the LLDPE matrix and the shortest, less branched molecules (rich
ethylene sequences) of the LDPE minor phase. This interphase then gave rise to a
long relaxation time tail, which could be explained by a viscoelastic model that
includes the effect of non-isotropic interfacial effects with a significant elastic
character.

5.2.8 Barrier Properties

Common routes to reduce gas permeability consist of combining materials, capable
of giving higher barrier than the individual components, through lamination,
coating, or co-extrusion. However, total barrier is no longer the main goal of food
packaging, but rather the saving of freshness. This is the case, for example, with
cheese and meat that must be consumed within a limited number of days, in contrast
to the bakery products that are supposed to last several months. It is therefore
important to investigate the modulation of the film permeability to meet specific
requirements for different foods. Taglialatela Scafati et al. [35] attained the mod-
ulation of permeability by melt-blending a commercial polymer for packaging with
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a high-barrier material. Melt-blending is less complicated and less costly than
lamination or coating, and monolayer films based on blends are attractive alter-
natives to multilayer co-extruded films. An LDPE/LLDPE blend was melt-blended
with an ethylene/norbornene co-polymer (COC). COCs are characterized by
excellent transparency, high rigidity, good thermal stability, and resistance to acids
and bases. A significant decrease in O, and CO, permeability was observed with
COC content ranging from 5 to 20 wt%, and the desired value of diffusional
properties was obtained by adding a proper amount of COC.

5.2.9 Polyolefin Blends as Models for High-Impact
Polypropylene Co-polymers (HIPCs)

HIPCs are PE-grafted PP co-polymers made through a dual-reactor process. In this
way, the toughness of the material can be improved while retaining reasonable
stiffness and expanding the application temperature range. A lot of research these
days is aimed at unravelling the morphology and structure of these co-polymers. In
some of the research, PP/PE blends are investigated as model systems for HIPCs.
One investigation of such blends concentrated on the relation between the com-
position and mechanical performance of a series of binary polyolefin blends [36,
37]. These model compounds were fractionated with temperature rising elution
fractionation (TREF) to study the possibility of fractionating industrially relevant
heterophasic polyolefin systems. The separation quality, based on molecular
structures or chemical composition, was found to be good for most of the systems.
However, the separation of an ethylene-propylene random co-polymer and a
high-density polyethylene was difficult if not impossible. Mechanical characteri-
zation, including the determination of brittle-to-ductile transition curves, showed
significant effects of modifier type and amount. Toughness effects were primarily
related to the modulus differences between the modifier and matrix. Compatibility
and particle size were found to have a secondary influence, but were considered for
a detailed interpretation of the mechanics of the investigated systems.

5.3 Polyolefin/Ethylene Vinyl Acetate (EVA) Blends

HDPE is a thermoplastic material with unique properties, such as excellent
mechanical properties, ozone resistance, good electrical properties, and chemical
resistance. EVA shows high impact strength, stress crack resistance, good ageing
resistance, low-temperature flexibility, improved clarity, permeability to oxygen
and vapours, high moisture absorption, and good electrical resistance [38—40].
Blending these two polymers should give rise to a product with a good property
mix, but which should undergo much faster degradation when being disposed of.
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These blends are widely used in shrinkable films, multilayer packing, and wire and
cable coating. Although PE and EVA are immiscible, the vinyl consequence in
EVA gives the same crystal structure as PE and partial miscibility at the interface of
PE/EVA blends. Addition of EVA to HDPE could improve transparency, envi-
ronmental stress cracking resistance, capacity of filler carrying, and impact prop-
erties, but usually reduces the tensile strength.

Although PE crystallinity could reach 65 %, EVA with about 50 wt% VA is
completely amorphous [38]. The polarity of EVA increases as the VA content
increases because of the polar nature of the acetoxy side chain. This allows
manipulation of important properties such as flexible shrink wrap, agricultural
films, coatings, paints, footwear soles, hot melt and heat seal adhesives, semiper-
meable films, flexible toys and tubing, and crosslinked foamed tyres. The addition
of EVA to PE can improve its transparency, flexibility, thermal resistivity, envi-
ronmental stress cracking resistance, and loading capacity of fillers. These blends
possess good thermo-shrinkage and stability when subjected to ageing, weathering,
and aggressive media, and are therefore used in many applications such as
high-voltage cable systems, multilayer packaging films and sheets, car parts,
agricultural films, and medical tubes.

The addition of PE provides a higher rigidity to the products and at the same
time improves the flowability of the melt during processing. Since EVA is more
expensive than PE, blending can be an effective way for cost saving [39]. Most
polymer blends have some degree of immiscibility, giving rise to a multiphase
morphology, and this strongly affects the rheological behaviour and mechanical
properties that depend on the type of morphology and on the interfacial interaction
between the phases. On increasing the EVA content, the morphology of these
blends changes from a two-phase structure, if EVA is dispersed, to a co-continuous
morphology and, at large EVA content, a two-phase morphology again with LDPE
dispersed as domains in the EVA. This influences the rheology of the melt and the
mechanical properties of the solid state. The crystallization behaviour of these
blends is also influenced by the morphology, with the crystallization behaviour
depending on the composition.

DSC results showed a melting temperature depression of HDPE caused by the
dilution effect of the non-crystalline EVA and the probable co-crystallization of
some EVA chains with HDPE chains [38, 40]. Changes in the crystallization and
melting temperatures of EVA were determined mainly by the nucleation effect of
HDPE crystals and the effect of partial miscibility between these polymers.
Crystallization kinetics results showed that the addition of more HDPE into an EVA
matrix caused more heterogeneous nucleation, while the addition of EVA would
delay the nucleation of HDPE at the beginning of the cooling process.
Intermolecular interaction in the melt facilitated the crystallization of both EVA and
HDPE.

SEM images of HDPE/EVA blends showed that these samples have two dis-
tinctive crack propagation zones: slow and fast [38]. The lengths of these zones
were affected by the EVA content. The slow crack propagation zone length
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increased with increasing the EVA content, and matrix fibrillation was thick and
short for blends containing a smaller amount of EVA. Increasing EVA content gave
rise to thinner and longer fibrils.

A rheological study showed that PE was significantly less viscous than EVA at
all the shear rates, justifying blending for reducing the viscosity [39]. The viscosity
of the blends can be described by a logarithmic mixing rule log (Mpjena) = 2 W; log
N, Where w; is the mass fraction and m; is the viscosity of the pure component.
At EVA contents lower than 75 %, the blends presented a negative deviation from
the mixing rule. The stress—strain curves gradually passed from a plot representative
of pure PE to that representative of pure EVA. On increasing the EVA fraction, the
modulus data followed the behaviour of a system in series and, at EVA fractions
higher than 75 %, the system was well described by the parallel model. The positive
and negative deviations from the mixing rules could not be ascribed to crystallinity,
because the crystalline content linearly depends on the EVA fraction. At small EVA
fractions, PE-rich phases form and induce blend properties closer to those of PE.
The increase in elastic modulus of the solid blends is probably due to strong
interfacial interactions with the other phase, and these interactions are probably the
result of co-crystallization.

It was further shown that the complex viscosity of the blends increased with
increasing EVA content [38]. All the blends behaved as shear thinning materials
and could be divided into two regions: (i) high shear thinning at lower frequencies
and (ii) low shear thinning at higher frequencies. The viscosities of the EVA rich
blends were higher than those of the neat polymers, which was due to a restriction
of the molecular mobility and a reduction of the free volume induced by the
addition of EVA. As the amount of EVA increased, the storage modulus, Young’s
modulus, and hardness decreased—all these properties are related to the crys-
tallinity of the material which decreased with increasing EVA content.

LDPE and EVA are used in the manufacture of polymeric foams; an LDPE/EVA
foam possesses higher flexibility and impact resistance [41]. Crosslinked poly-
ethylene foams have better heat resistance than the uncrosslinked ones.
Crosslinked EVA usually shows better nucleation control and the formation of cells
with uniform size in the foaming of EVA. Scission and crosslinking of polyethylene
molecular chains can occur simultaneously when it is subjected to irradiation by y-
rays. Chain scission occurs mainly at a low dose, and chain crosslinking at a higher
dose. Crosslinking results in the formation of a three-dimensional network in the
LDPE/EVA blends, leading to an increase in the melt viscosity and strength of the
blend. It was found that LDPE/EVA foams irradiated to 50 kGy had the most
uniform cell morphology, giving the best cell size uniformity (Fig. 5.6). The
crosslinking improved the melt viscosity and strength, leading to a higher resistance
to bubble expansion and an obstacle to coalescence of neighbouring cells, giving
rise to smaller cell sizes and a higher cell densities in the foams. An increase in
EVA content resulted in a decrease in the melt viscoelasticity of the blend. The cell
expansion in the foams therefore becomes easier due to lower resistance to cell
expansion. Cells can also fuse and break due to poor melt strength. After irradiation
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Fig. 5.6 SEM micrographs for the LDPE/EVA blend (70/30) foams produced at 105 °C and
23 MPa: a 25 kGy, b 50 kGy, ¢ 75 kGy, d 100 kGy [41]

of the blends, the melt viscosity and strength of the blends were improved through a
crosslinked network. Crosslinking gave rise to a remarkable improvement in the
cell structure of the foams with higher EVA contents.

Crosslinking can improve the interfacial adhesion between two phases, giving
rise to improved tensile strength but reduced elongation at break due to a decrease
in molecular mobility [42]. Crosslinked polymers also have better heat resistance
and mechanical properties, but poor reprocessability. The mechanical properties of
crosslinked polymers are determined by their crystal structure and crosslinking
degree. Properties dominated by crystallinity, such as tensile modulus and yield
stress, normally decrease. It was found that for uncrosslinked HDPE/EV A blends,
the tensile modulus, stress at yield, and stress at break decreased markedly, while
the elongation at break only slightly decreased with increasing wgys due to the
presence of the soft EVA phase [42]. The tensile modulus and yield stress did not
change markedly, because the crystallinity of HDPE was little influenced by
crosslinking. The impact strength is increased with increasing wgya and DCP
contents. The presence of crosslinked EVA gel not only improved the toughness,
but also enhanced the interfacial strength due to co-crosslinking.
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5.4 Polyolefin/Paraffin Blends

Polyolefin/paraffin blends are mostly used as phase-change materials (PCM) for
thermal energy storage. They are a good combination because of the paraffinic
nature of their respective chains, and therefore, they are compatible but not mis-
cible, which is a requirement to ensure stable blends with separately crystallized
paraffin. Energy is stored and released through the melting and recrystallization of
the paraffin, while the polyolefin matrix contains the paraffin so that it does not leak
during the melting process. During the last two decades, these systems have been
extensively investigated, with recent studies concentrating on the influence of
thermally conductive fillers on the properties and behaviour of these blends.

Chen and Wolcott [43] investigated blends of a low molar mass paraffin with
HDPE, LDPE, and LLDPE to be used in energy conservation in buildings. When
the building’s interior temperature approaches the melt temperature of the PCM, the
PCM changes from solid to liquid and, in doing so, absorbs energy. Later, when the
ambient temperature drops, the PCM begins to crystallize, releasing stored thermal
energy to the building and stabilizing the interior temperature. The PCM temper-
ature will be maintained closer to the desired temperature during each phase
transition period until the phase change is complete. In this manner, the PCM
decreases interior temperature fluctuations, maintaining human comfort while
conserving energy through the reversible phase change. HDPE, LDPE, and LLDPE
were all found to be partially miscible with the paraffin. The HDPE/paraffin blend
had the lowest miscibility of the three systems. Because of the influence of mis-
cibility on the thermal behaviour of the paraffin, it was suggested to use HDPE in
PE/paraffin-form-stable PCMs to maintain the energy-saving behaviour of the
paraffin in building applications for reducing interior temperature fluctuations.

In another recent investigation [44], injection moulding was proposed as a
profitable method to process phase-change materials, because of the ease of pro-
cessing and good properties of the final parts. Blends containing 5 to 50 vol.% of
wax were extruded, and in spite of the different melting temperatures of the two
components, no wax loss was detected after processing. All the prepared blends
were pseudoplastic, and therefore, all of them were suitable to be injection moul-
ded. The glass-transition temperatures of the two components in the blend were
detected by dynamic mechanical analysis, confirming their immiscibility.

Ternary blends containing polyethylene and a paraffin were also investigated
[45]. As a third component, dibenzylidene sorbitol (DBS) was used, which is an
amphiphilic molecule derived from the sugar alcohol p-glucitol. Due to the butterfly
shape and propensity to undergo intermolecular hydrogen bonding between the
terminal hydroxyl group and the acetal oxygens, DBS molecules can strongly
interact in the presence of an organic solvent to form a physical gel through
self-assembling into a fibrillar network, with the fibrillar diameter in the nanoscale.
UHMWPE and liquid paraffin (LP) have excellent affinity due to their similar
chemical structures and solubility parameters. The multiple phase transitions, i.e.
self-assembly of DBS, liquid-liquid phase separation between UHMWPE and LP
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Fig. 5.7 Scheme of liquid-liquid phase separation assisted by self-assembly of DBS in the early
stage [45]

assisted by the self-assembly of DBS (Fig. 5.7), and the crystallization of
UHMWPE were studied. A complex relationship was found between the multiple
phase transitions.

5.5 Polyolefin/Polyamide Blends

Polyolefin/polyamide blends can be used for a variety of applications where one
polymer will enhance the properties of the other polymer. Research on these blends
has so far been very fundamental, exploring different possibilities to compatibilize
and improve the properties of otherwise very incompatible polymers.

Polyamide 6 (PA6) has good mechanical and thermal properties while LLDPE
has good low-temperature flexibility and good resistance to moisture permeation.
One study focused on compatibilizing an immiscible PA6/LLDPE blend through
electron beam irradiation with glycidyl methacrylate (GMA) for
cross-copolymerization [46]. The GMA has two reactive sites, which are an epoxy
functional group and a double bond. The epoxy group can react with other func-
tional groups in polymers during melt mixing and the double bond can be easily
opened by a radical and then cross-copolymerization takes place at the interface
(Fig. 5.8). GMA is also a low-molecular-weight material, which can easily diffuse
to the interface during melt mixing. Another investigation on PA6/LLDPE blends
looked at the use of these blends as shape memory polymers [47]. Shape memory
transition temperatures were in the range of 120-130 °C, and a shape memory
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Fig. 5.8 Expected mechanisms of cross-co-polymerization at the interface between LLDPE and
PAG6 [46]

mechanism for this type of polymer blend SMP proposed that the LLDPE in the
blend contributes to the shape memory fixing and that the PA6 in the blend with the
help of PE-g-MA contributes to the shape memory recovery. The PA6 provided the
stretching and recovery effects, while the LLDPE provided the fixing and unfixing
effects.
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PAG6/HDPE blends have been widely investigated. PA6 shows good tensile
strength and barrier properties, while HDPE shows good impact resistance and
low-temperature flexibility. PA6/HDPE blends are thermodynamically immiscible
and generally have poor ultimate mechanical properties. When these immiscible
blends are subjected to stress, the stress concentrates at the interface of the
immiscible blends and serves as failure initiation points. An investigation on
twin-screw extruded 50/50 w/w PA6/HDPE blends containing different amounts of
functionalized multiwalled carbon nanotubes (FMWCNTSs) showed that, at rela-
tively low FMWCNT contents (0.5 and 1.0 wt%), the addition of FMWCNTSs had
no influence on the phase morphology of the blend [48]. The PAG6 still formed the
continuous phase while the HDPE formed the dispersed phase. At moderate
FMWCNT contents (2.0 and 5.0 wt%), the nanocomposites showed typical
co-continuous morphology, and at high FMWCNT contents (10 wt%), the PA6
formed the dispersed phase and HDPE formed the continuous phase, indicating the
occurrence of phase inversion. Further results showed that the FMWCNTs selec-
tively distributed in the PA6 phase due to the lower interfacial tension between the
PA6 and the FMWCNTSs. As a consequence, the crystallization behaviour of the
PA6 component changed. Rheological measurements showed the formation of an
FMWCNT network structure, which was the main reason for the formation of the
co-continuous morphology. It was also found that the incorporation of FMWCNTSs
significantly improved the ductility of the immiscible blend. The FMWCNTSs
induced a change in the crystallization behaviour of the PA6 component and a
two-step crystallization process occurred, while the crystalline structures of both the
HDPE matrix and the PA6 dispersed particles were varied insignificantly. The
much improved interfacial adhesion was ascribed to a nanobridge effect of the
FMWCNTs on the interfaces, which prevented crack initiation and propagation
along the interfaces under stress.

Argoud et al. [49] investigated the morphologies of these blends, but they used
MA-g-HDPE as reactive compatibilizer. They observed two characteristic sizes. At
the larger scale, the characteristic domain sizes varied from 10 pm down to ~ 1 um,
specifically in case of co-continuous morphologies, depending on the
compatibilizer/HDPE ratio. The composition (the PE/PA6 volume ratio) was the
predominant system parameter which determined the type of morphology, and the
morphology depended very little on the amount of compatibilizer (for a compati-
bilizer structure which does not induce a strong curvature at the interface). As
expected, by increasing the compatibilizer amount, the characteristic size became
smaller. The compatibilizer also suppressed coalescence and stabilized the
micrometer scale morphologies. Under load, a crack usually initiates and propagates
along the interface, leading to failure of the materials [50]. The minor phase of the
blend forms dispersed particles with large diameters. This is unfavourable for the
improvement of the mechanical properties of the blend. Improvement of the inter-
facial strength and decreasing the diameter of the dispersed particles are the key
issues to obtain materials with excellent mechanical properties. The presence of clay
did not seem to improve the interfacial adhesion, and the main reason for the
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improvement in mechanical properties was the change in the morphology. For an
immiscible HDPE/PA6 blend containing both clay and HDPE-g-MA compatibilizer,
the blend morphology was determined by a competition between and/or synergistic
effects of the clay and the compatibilizer. The most acceptable model is that the clay
functions first, decreasing the average diameters of the dispersed particles and sta-
bilizing the morphologies of the blends. The compatibilizer effect then follows,
strengthening the interfacial adhesion between the dispersed particles and the matrix.

Instead of using a reactive compatibilizer, silane grafting can also be used with
nanoclay to improve the morphology of HDPE/PA6 blends [51]. Both these
modifications play a significant role in the morphology of the HDPE/PAG6 blends,
where nanoclay acts as a nucleating agent and/or barrier to coalescence of PA6
droplets, and silane grafting along with the location of the clay at the interface
mediates the polarity between the two phases and causes improved interfacial
adhesion. The presence of organoclay and/or PA6 reduced the gas permeability of
the samples. Silane grafting of the HDPE enhanced the barrier properties of the
blends because of its compatibilizing effect, which caused a finer blend morphology
or more delaminated clay in the nanocomposites. These blends exhibited excellent
permeation resistance to both cyclohexane and oxygen.

Neutralization of acrylic acid, methacrylic acid, and/or maleic anhydride
(MAH) functional groups with a metal salt or alkaline bases forms ionomers from
polyethylene. Ionomers are an attractive way of compatibilizing PA6 and PE,
because the amide functional groups in PA6 can interact with the ionomer via
hydrogen bonding, ion—dipole interaction, and/or metal ion coordination during
melt-blending. Charoenpongpool et al. [52] studied the effect of zinc neutralization
of hydrolysed anhydride acid groups in MAH-grafted HDPE (MAH-g-HDPE) on
the efficiency of compatibilization. When using zinc acetate dihydrate (Zn
(CH5C0O0), 2H,0) as the neutralizing agent, they found that the dispersed phase
sizes decreased with added compatibilizer and with increasing compatibilizer
content. Compatibilization improved the mechanical properties, and significantly
improved the melt viscosity of the high PA6 content blend.

An in-depth study [53] focused on the compatibilization mechanism of clay
particles on the PE/PA interface. The clay-filled PE/PA blends exhibited an inter-
phase composed of clay particles intercalated by PA chains. No emulsifying effect
was obtained if the degree of exfoliation of the clay particles was too high, which
was shown to happen (i) when a high viscosity polyamide was used, favouring the
presence of the clay particles in the PA nodules and (ii) when a low-viscosity
polyethylene was used, making deformation and break-up of the PA nodules more
difficult. These results highlighted the role played by the molecular characteristics
of both polyamide and polyethylene chains in the structure and properties of the
intercalated PA/clay interphase. The viscoelastic properties of the PE/PA blends
were significantly influenced by clay addition and content, through various
mechanisms that involve changes in (i) dispersed phase interfacial area, (ii) blend
morphology, (iii) clay localization, and (iv) interphase structure.
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It was also found that orientation during film blowing can significantly change
the ductility of the PE/PA6 blends [54]. The elongation at break in the machine
direction significantly increased compared to the anisotropic value, but it tended to
decrease with increased degrees of orientation. The sample, however, remained
brittle in the transverse direction. The ductility was interpreted in terms of the
orientation of the matrix macromolecules and the dispersed phase particles, which
gave a morphology with reduced defects in the orientation direction. In an inves-
tigation of the morphologies of injection-moulded PE/PA6 blends [55], it was
found that the physical properties of a water-assisted injection-moulded part can be
strongly influenced by its microstructure such as molecular orientation and mor-
phology. The microstructure is formed by a complex thermal and deformation
history that a polymer has undergone during the moulding process, and it varies
depending on the location in a moulded part and on the moulding conditions.
Distinct skin layers, core regions, and channel layers were observed across the
thickness in both gas- and water-assisted injection-moulded tubes. The shape and
size of the dispersed phase depended on the position across the part thickness and
along the flow direction. Small and large particles coexisted in the skin and channel
layers, indicating that both coalescence and disintegration of the dispersed phase
occurred in these layers. Water-moulded parts exhibited a smaller polyamide par-
ticle distribution than gas-moulded parts, and high water pressures were found to
mould parts with smaller polyamide phase domains.

Grafting and crystallization effects play a very important role in the compatibility
of PE and PA and the resultant mechanical properties. By an appropriate choice of
the molecular parameters of the two functionalized polymers, it is possible to
control the grafting reaction at the interface and thus the amount of graft co-polymer
[56]. Various morphologies can be obtained, from sub-micrometer dispersion for a
low graft co-polymer content to a co-continuous nanostructured morphology for a
high graft co-polymer content. A co-continuous blend constituted of functionalized
PE (the majority component) and PA (the minority component) showed outstanding
mechanical properties at low and high temperatures. It is possible, through mor-
phology control provided by reactive blending, to produce stable co-continuous
morphologies and also sub-micrometer droplet dispersions in PE/PA blends
(Fig. 5.9). Since both blend components can crystallize, there should be an influ-
ence on the nucleation and overall crystallization kinetics of the blend, depending
on which component crystallizes first. The nucleation and crystallization of PA
chains strongly depend on the surrounding environment. When they are in the bulk
state, they nucleate heterogeneously and crystallize at low supercoolings. When
they are confined with functionalized PE in a sub-micrometer co-continuous
morphology (and compatibilized by a graft co-polymer between the phases), their
crystallization rate is depressed and larger supercoolings are needed for their
crystallization. There was a correlation between the Avrami index and the con-
finement of the PA chains. As the confinement increased (on going from the bulk
state to a co-continuous phase to dispersed sub-micrometer particles), the Avrami
index decreased.
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Fig. 5.9 TEM micrographs
for the three PE/PA blends
prepared by reactive extrusion
[56]
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5.6 Polyolefin/Rubber Blends

Thermoplastic elastomeric materials based on blends of ethylene propylene diene
terpolymer (EPDM) and polyolefins combine the processing advantages of ther-
moplastics with the excellent physical properties of elastomers, giving rise to
materials with excellent properties for use in the automotive industry, extruded
profiles for windows, electrical cables and wires, packing materials, and footwear
[57-60]. Car parts remain the largest market for thermoplastic elastomer compo-
sitions. EPDM exhibits excellent resistance to weather, ozone, acids, and alkalis
while accommodating high volume fractions of filler and liquid plasticizers and
retaining desirable physical and mechanical properties. The blending of EPDM with
HDPE was found to improve the physical and mechanical properties of EPDM.

Stelescu et al. [57] found an increase in elongation at break and tear strength
values of EPDM/HDPE blends, compared to the uncompatibilized sample.
Incorporation of PE-g-MA or dynamic vulcanization led to an increase in contact
angle, indicating an increase in the hydrophobicity of the composite surface.
Addition of PE-g-MA or an increase in PE content determined the increase in the
percentage crystallization in EPDM/HDPE blends. Solvent vapour permeation is an
energy-saving process to remove volatile organic components (VOC) from con-
taminated air streams, and it is much more effective than classical VOC control
processes such as incineration, oxidation, and active carbon absorption. Analysis of
the equilibrium sorption of a vapour by an HDPE/EPDM blend can provide
information regarding polymer—polymer interactions [58—60]. The amount of sor-
bed vapour is related to its interactions with the blend. It was found that the
permeability and sorption coefficients increased with an increase in the EPDM
concentration, and the permeation rate decreased with an increase in the molar mass
of the penetrants, and as the degree of crosslinking increased, the permeability
decreased (Fig. 5.10).

Thermoplastic elastomers have a large number of applications due to their
unique combination of mechanical properties and processability [61]. The modulus
values, from low temperatures near the glass transition of the rubber to higher
temperatures around the softening point of the plastic, are comparable with those of
reinforced-vulcanized rubbers. During processing, thermoplastic elastomers are in
the molten state and they can be processed with plastic processing equipment.
Non-irradiated LDPE blends in different compositions with SEBS and SEBS-g-MA
block co-polymers showed better mechanical, thermal, and volume resistivity
properties than pure LDPE. The improvement in the properties of the non-irradiated
blends by using SEBS-g-MA was more significant than when using SEBS. The
mechanical, thermal, and electrical properties were further improved after electron
beam irradiation.

Polyethylene can also be blended with a number of other rubbers. When
ozonolysed natural rubber is blended with polyethylene and cured, it was found that
sulphur dynamic vulcanization was better than peroxide curing, with a higher
crosslink density resulting in a change in the LDPE crystallization behaviour [62].
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Fig. 5.10 Schematic representation of the tortuous path exhibited by the crystalline HDPE phase
to the transport of solvent [60]

The o-temperature of LDPE shifted when the ozonolysed NR loading reached
50 % w/w for peroxide curing and 40 % w/w for sulphur vulcanization. The tensile
strength and elongation at break of the peroxide-cured blends were much better than
those after sulphur curing. The tensile strength and elongation at break of the
peroxide-cured blends significantly increased with the ozonolysed NR content in
the blends.

When a radiation-crosslinked semicrystalline polymer is stretched, the molecules
are oriented in the stretching direction gets frozen in its extended form. If the
stretched sample is heated (without any mechanical force), the material shrinks. Such
heat-shrinkable polymers find applications in the packaging and cable industries and
in heat-shrinkable tube production. When nitrile butadiene rubber (NBR) was mixed
with HDPE, the tensile modulus increased with increasing HDPE content and
increasing radiation dose [63]. Radiation dose had little effect on the elongation at
break at high HDPE contents, but this property decreased with increasing radiation
dose up to 150 kGy at high NBR contents. The hardness increased significantly with
HDPE content, but only slightly with increasing radiation dose. Permanent set
decreased with increasing HDPE content and radiation dose.
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It was also found that the addition of up to ~30 wt% SBR delayed nucleation,
but accelerated the rate of crystallization of HDPE [64]. An SBR amounts >30 wt%
in the blends delayed the crystallization of the matrix polymer. The presence of
small rubber particles, dynamically crosslinked, accelerated the crystallization of
the matrix, and this was attributed to the formation of more nuclei. The nucleation
effect caused an increase in the overall crystallization rate. However, due to the
increased rigidity of the crosslinked amorphous component, it was unable to diffuse
into the spherulitic growth sites, thereby obstructing spherulitic growth. Another
rubber used for heat-shrinkable materials is bromobutyl rubber (BIIR). An inves-
tigation into LDPE/BIIR blends cured through y-irradiation showed that
(i) crosslinking was induced in all the samples by the irradiation, and the extent of
crosslinking increased with increasing irradiation dose and LDPE content in the
blend, (ii) blending of LDPE with small amounts of BIIR gave better mechanical
properties than BIIR alone, but the improvement in properties depended on the
irradiation dose, (iii) the heat shrinkability increased significantly when the blend
was crosslinked by gamma irradiation, and (iv) an increase in the elastomer content
in the blend improved the heat-shrinkable properties [65].

5.7 Polyolefin/Natural Polymer Blends

The degradation of polyolefins involves two stages: oxidative degradation
(oxo-degradation) and biodegradation [66]. Oxo-degradation incorporates oxygen
into the carbon chain, which results in the formation of oxygen containing functional
groups. This process can be accelerated by ultraviolet (UV) light or heating. When
the molar mass of a polymer is reduced to a certain level through oxo-degradation,
the oxidation products can be biodegraded by microorganisms that consume the
oxidized carbon backbone fragments to form CO,, H,0, and biomass. This is one of
the main reasons for investigating blends of polyolefins with natural polymers.

5.7.1 Starch

Starch is a natural carbohydrate storage material accumulated by green plants in
granular form and is composed of amylose (linear molecules) and amylopectin
(branched molecules). It is a renewable, inexpensive natural polymer that can be
blended with synthetic polymers to decrease their relative amount and to lower the
cost of the final product [67]. It is possible to improve their compatibility through
the addition of a suitable interfacial modifier. It has been considered as a partial
substituent for synthetic polymers in packaging, agricultural mulch, and other
low-cost applications. The crystalline structure of starch can be disrupted through
gelatinization, during which the starch is first mixed with water and subsequently
stirred and heated, resulting in the formation of hydrogen bonds between the water
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molecules and the free hydroxyl groups of starch. Gelatinized starch, which can
flow, can then be plasticized by the addition of a suitable plasticizer such as
glycerol. Thermoplastic starch (TPS) can flow at high temperatures and shows good
ductility, making it suitable for melt-processing. Blends of TPS and polyolefins
have relatively high interfacial tensions because of the high incompatibility between
the non-polar polyolefin and the highly polar TPS.

LDPE-starch blends are biodegradable because the starch moiety is a carbon
source that is consumable by microorganisms [68, 69], and it is considered a
feeding stimulant for insects possessing specific amylase digestive enzymes.
Subsequently, the remaining synthetic polymer matrix is more easily attacked by
natural elements such as thermal oxidation and ultraviolet photodegradation. PE—
starch materials are suitable for the manufacturing of any kind of home and light
industrial plastic containers, bottles, dishes, glasses, and cups through injection
moulding. There should, however, be a specific starch concentration for each
application because there are specific needs in terms of the mechanical, thermal, and
water resistance properties. Weight loss during exposure normally increases with
starch content and time. It is expected that about 12 years are required for the
complete degradation of a sample containing 40 % starch. Even though this is a
long time for biodegradable materials, it is realistic for end products with possible
applications that need a longer lifetime.

Various pro-degradants have been developed to accelerate the oxidation of
polyolefin under UV light [66]. A pro-degradant can be divided into two groups:
(1) transition metal systems such as transition metal salts, ferrocene, and metal
oxides; (2) metal-free systems such as ketone co-polymers, chemicals containing
oxo-hydroxy groups, peroxides, and unsaturated alcohols or esters. Yu et al. [66]
investigated the influence of the distribution of Fe- and Co-based pro-degradants in
the different phases of PE/starch blends on the ultraviolet (UV) photo-oxidative
degradation. The distribution in the different phases was varied by a dual step
process using a side-feed on a reactive extruder. They found that the mechanical
properties varied more when the pro-degradants were distributed in the PE phase,
the concentration of the carbonyl groups increased as a function of UV exposure,
and the concentration of carbonyl groups was higher when the pro-degradants were
distributed in the PE phase.

Another investigated blend system is TPS/HDPE/NR compatibilized with
PE-g-MA [70-76]. A blend of thermoplastic natural rubber (TPNR) and HDPE
gives rise to a new material that exhibits good tensile properties and improved
impact resistance. Incorporation of starch into TPNR should also enhance the
biodegradability of the blend. Kahar et al. [70, 71] observed the occurrence of
covalent bonding between the functional groups of PE-g-MA and the hydroxyl
groups of starch, which confirmed reactions between these two polymers. The
compatibilized blends showed better tensile properties and improved surface
morphology, while the compatibilized blends with 5 and 10 % TPS showed sig-
nificant improvements in tensile strength. This was attributed to better interaction at
the interphase between TPS and HDPE/NR, allowing stress transfer between the
phases. Another compatibilization method used for this system is dynamic sulphur
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vulcanization [72, 73]. Morphology studies showed that the TPS particles were
homogeneously dispersed and well-embedded in the vulcanized HDPE/NR matrix,
and that the tensile strength improved significantly, which was attributed to the
crosslinking reactions in the NR phase. Compatibilization in these systems was also
achieved through citric acid modification of starch (TPSCA) [74]. Starch hydrolysis
and acetylation between the starch and citric acid were observed. The modified TPS
blends showed better tensile properties and surface morphology than
HDPE/NR/TPS, and the blends with 5 and 10 % TPSCA loading showed tensile
strength almost the same as that of the HDPE/NR blend. This was attributed to the
low viscosity of TPS, which allowed it to easily disperse when blended with the
HDPE/NR matrix. The blends with TPSCA showed better dispersion of the starch
in the HDPE/NR matrix.

Starch can also be propylated and blended with polyolefins. Propylated starch—
LDPE blend films were prepared and the effect of the degree of substitution
(DS) and starch concentration on the mechanical properties, morphology, water
absorption capacity, and biodegradability of the blend films was investigated [75].
The tensile strength, elongation, and melt flow index of the propylated starch blend
films were higher than those of the corresponding native starch blend film, and
these properties improved with an increase in DS from 1.56 to 2.51. The propylated
starch blend films were thermally more stable than the native starch blend films, and
the water absorption capacity decreased for the films containing propylated starch at
high DS. The biodegradability of the films increased with an increase in the starch
concentration, but decreased with an increase in the DS (Fig. 5.11). LDPE-g-MA
was also used as compatibilizer in corn starch (TPCS)-LDPE blends [76]. The
tensile properties and impact strength of the samples decreased with increasing the
TPCS concentration, but addition of up to 25 wt% TPSC gave rise to similar
mechanical properties than those of pure LDPE. A linear relation was found
between the reduction in melt flow index and the starch content in the blends. The
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apparent viscosity of the blends increased by increasing the starch concentration
and by decreasing the shear rate.

As was the case of some previously described blends, nanofiller was included
into PE—starch blends to improve the compatibility of the different components in
the blends and the mechanical properties of the blends. Recently, Zeolite SA [77]
and sepiolite [78] were used for this purpose, and improved properties were gen-
erally observed.

Glycerol has mainly been used as plasticizer in TPS, but glycerol is very
hydrophilic, has a low thermal stability, and it migrates to the surface with time,
especially in thin films. TPS formulations, with diglycerol and polyglycerol plas-
ticizers, were blended with HDPE at a concentration of 20/80 w/w TPS/HDPE and
a range of interfacial modifier contents via a one-step extrusion process [79]. The
emulsification curves of the blends that track the volume and number average
diameter of the dispersed TPS as a function of per cent interfacial modifier showed
significantly different profiles. The addition of small amounts of interfacial modifier
to the blends gave rise to TPS droplets in the order of 200-300 nm coexisting with
droplets of 5-7 pm. This wide polydispersity is indicative of an erosion-type
droplet formation mechanism, where small parts of the TPS droplet break off the
surface of the droplet. Blends prepared with glycerol-TPS and sorbitol-TPS did not
show this behaviour. Dynamic mechanical analysis showed miscible behaviour for
diglycerol-TPS and polyglycerol-TPS, and partially miscible behaviour for
glycerol-TPS. This was attributed to the presence of ether bonds in the chemical
structure of diglycerol and polyglycerol. The increased chain flexibility and lower
cohesive energy forces of diglycerol and polyglycerol led to a more homogeneous
TPS phase and to the erosion-type compatibilization at the interface. The
mechanical properties of the blends prepared with polyglycerol and diglycerol
showed a similar overall behaviour to that of glycerol.

5.7.2 Chitosan

Polyolefin/chitosan blends have not been investigated as extensively as
polyolefin/starch blends. Chitosan is a polysaccharide more commonly found in
nature, and its films can be used as packaging material because of their antimi-
crobial activity, non-toxicity, and biodegradability [80, 81]. The mixing of chitosan,
a biodegradable polysaccharide, with LDPE decreases the fluidity of the molten
polymer [80]. Mixing of PE-g-MA into this blend allows easy processing of the
polyethylene/chitosan mixtures into films in standard extrusion equipment. It is
therefore possible to obtain films with a maximum content of 20 wt% chitosan. The
use of an anhydride-based coupling agent, extensively used to compatibilize
polymer blends, was effective in improving the mechanical properties of the
chitosan composites, especially the deformation at break, which makes these
compositions suitable for the preparation of biodegradable films and other
biodegradable items intended for short-term applications. PE films containing
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15 wt% of chitosan were severely degraded in less than 6 months of exposure to
natural weathering [81]. The oxidative degradation produced a significant increase
in the content of carbonyl groups, and the exposure also led to the formation of
microfractures and polymer embrittlement with the concomitant variation in
mechanical properties. The extremely high temperatures and radiance recorded in
the weathering location during the test period, and the use of PE-g-MA as a
compatibilizer, accelerated the degradation rate of the films.

5.7.3 Poly(Lactic Acid) (PLA)

Although not strictly a natural polymer, PLA is a biodegradable polymer derived
from natural resources. PLA is a linear aliphatic polyester derived from the fer-
mentation of plant starches and can be bio-degraded into environmentally man-
ageable compounds [82—-84]. It has some unique properties such as good strength
and stiffness, and resistance to fats and oil. Applications of PLA are limited in the
commodity industries due to its brittleness, poor thermal resistance, low viscosity,
high moisture sensitivity, medium gas barrier properties, high cost, and low solvent
resistance compared to those of non-biodegradable polymers such as polyolefins,
polyethylene terephthalate, polycarbonate, and nylon. So far PLA, because of its
non-toxicity, biodegradability, and biocompatibility, has been used in biomedical
and pharmaceutical applications such as implants, drug delivery carriers, and
scaffolds for tissue engineering. Polyolefin/PLA blends have mainly been investi-
gated with the aim of producing materials that have acceptable properties, but that
have at least one biodegradable component. This has become necessary because of
the huge plastics waste problem the world currently facing.

In an investigation of single-screw-extruded LDPE/PLA blends, it was found
that the stress at break and Young’s modulus values were below the mixing rule
line, which is typical for incompatible polymer blends [82]. Rheological results
showed that these blends were pseudoplastic in nature; their viscosity decreased
with increasing shear rate similar to most polymer melts. The true viscosity of PLA
decreased sharply with increasing temperature, whereas the true viscosity of LDPE
varied only slightly with temperature. The true viscosity of the blends decreased
with increasing PLA content, and this was attributed to the low viscosity of PLA.
Adding acrylonitrile-butadiene—styrene as compatibilizers in these blends gave rise
to similar observations [83]. Jiang et al. [84] did a similar investigation by using a
single-screw extruder with different screw elements. They found that the different
screw configurations gave rise to different morphologies, different rheological
properties, and different crystallinities.

It was proposed [85] that PLA could improve the properties of PP/HDPE/EVA
blends. The mechanical properties showed that the polymer blend had optimum
tensile and burst strengths at 4 wt% PLA incorporated into the PPJHDPE/EV A blend.
The tear strength decreased with increasing PLA content in both the machine and the
transverse directions. The friction coefficient was found to be the lowest at 4 wt% PLA
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loading in the blend, probably because of better PLA dispersion at this loading. The
modification of PP/HDPE/EV A blends with PLA caused a gradual increase in haze.

When adding an ethylene—glycidyl methacrylate—vinyl acetate co-polymer as
compatibilizer into a metallocene polyethylene elastomer co-polymer (mPE)/PLA
blend, the results from SEM, FTIR, and rheological studies revealed that the
interaction between the mPE matrix and the dispersed PLA was enhanced with the
addition of the compatibilizer [86]. The addition of the compatibilizer completely
hindered the cold crystallization and rearrangement crystallization of PLA, even
though the additional annealing effect of mPE/PLA blends in the injection moulder
tended to increase the crystallization of PLA. The synergistic effect of compatibi-
lization and annealing treatment significantly improved the tensile strength and
Young’s modulus of the blends.

In a study of ternary LDPE/PLA/poly(ethylene-co-glycidyl methacrylate)
(EGMA) blends [87], it was found that there was a reaction between the epoxy
groups of GMA and the functional groups (hydroxyl and carbonyl) of the PLA,
which led to a good compatibilization of the blend. The SEM results supported the
FTIR results and showed that the incorporation of EGMA in a 60/40 w/w
LDPE/PLA blend, at a level higher than 7 phr, led to further connections between the
blend phases giving rise to almost indistinguishable component domains. The
uncompatibilized blends showed the typical behaviour of immiscible blends with a
sharp drop in the tensile and impact properties. However, the 60/40 w/w LDPE/PLA
blend containing 15 phr of EGMA showed very good mechanical strengths
(Fig. 5.12). The micro-hardness characteristics of the different blends were in good
agreement with the macroscopic mechanical properties such as yield stress, Young’s
modulus, and impact strength. Similar observations were made in the case of
HDPE/PLA blends compatibilized with maleic anhydride-grafted PE [88].

The mechanical and physical properties of PLA are severely degraded when
subjected to electron beam irradiation [89], because the dissipated energy from the
irradiation easily causes chain scission of the backbone chain of PLA and forms
free radicals. Additional additives, such as a crosslinking agent, are therefore

Fig. 5.12 Effect of the 13
compatibilizer content on 12}
Charpy impact strength of & _I_
60/40 (LDPE/PLA) blend :,E- 11 4
[87] X ‘I‘ ‘}
£ 104
o
g 91
»
T 81
@©
o
E 74
z
g 51
=
o ;]
4 T T T T T T

] 2 5 7 10 15 20
Compatibilizer content (phr)



140 AS. Luyt

necessary to promote irradiation-induced crosslinking in PLA. LDPE is widely used
in various applications due to its excellent electrical insulation, good mechanical
properties and processability, and resistance to chemicals and irradiation. It tends to
crosslink when exposed to high-energy electron beam irradiation and is able to
withstand the application of an electron beam radiation dosage of up to 300 kGy
without undergoing degradation. When the percentage of LDPE added to PLA was
gradually increased, the gel content of the irradiated PLA/LDPE blends signifi-
cantly increased compared to that of pristine PLA. Increasing amounts of LDPE
marginally increased the crystallinity of the PLA/LDPE blend by introducing new
crystalline structures to PLA. The application of irradiation significantly increased
the crystallinity of these blends because of the formation of crosslinked networks
that acted to converge the random structures into a highly ordered arrangement.

Poly(L-lactic acid) (PLLA) is environmentally biodegradable through a two-step
process that begins with the high molecular weight polyester chains hydrolysing to
lower molecular weight oligomers in an appropriate temperature and moisture
environment. Microorganisms then convert these lower molecular weight compo-
nents to carbon dioxide, water, and humus. LLDPE and PLLA were melt-blended
in an extrusion mixer with a post-extrusion blown film attachment, with and
without LDPE-g-MA [90]. Varying degrees of property modifications were
achieved by blending these polymers. The most important observation was a sig-
nificant increase in biodegradability of these blends, especially at higher pH values.
Singh et al. [91] reported similar observations.

5.7.4 Other Biodegradable Polymers

Poly(vinyl alcohol) PVA and poly(hydroxyl butyrate-co-valerate) (PHBV) are also
not natural polymers, but they are biodegradable and useful for various applications in
packaging such as for foods, pharmaceuticals, chemicals, detergents, cosmetics,
compost bags, grocery bags, shipping bags, cutlery, plates, and toys [92, 93].
Polymers such as polyethylene (PE), polyvinyl chloride (PVC), polypropylene (PP),
polyethylene terephthalate (PET), polystyrene (PS), and polyvinyl alcohol (PVA) are
most frequently used for packaging because of their excellent thermal and mechanical
properties, but they persist in the environment even after many years of disposal,
contributing to the waste disposal management problem. Within the PE family,
LLDPE is widely utilized in packaging applications, but its resistance to biodegra-
dation causes serious problems. Poly(vinyl alcohol) (PVA) is a water soluble polymer
which is also widely used in packaging applications because of its strength and
biodegradability. The packaging applications of PV A are potentially limited because
of its low resistance to humidity and its poor processability [92]. These problems can
be solved by blending these two polymers with in situ silane crosslinking.
Biodegradable plastics like poly(hydroxybutyrate-co-valerate) (PHBV) can be used
to improve the gas barrier properties of PE without sacrificing the other properties
(Fig. 5.13) [93].
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Poly(butylene succinate) (PBS) is another biodegradable polymer which is not
commonly blended with polyolefins. However, Yang et al. [94] investigated the
effect of PBS content, extrusion rate, and extensional strain rate on the melt strength
and extensional viscosity of LDPE/PBS blends using a melt-spinning technique,
and developed extensional master curves. Based on both the extensional master
curve and a neural network method, they compared the predicted extensional vis-
cosities with the experimental data of the LDPE/PBS blends.

5.8 Polyolefins Blended with Other Polymers

A number of other polymers have been blended with polyolefins for a number of
applications. Space does not allow one to give too many details about work done on
these systems. This section will therefore summarize the proposed applications for
these systems, and some very interesting observations will be included.

5.8.1 Polyaniline (PANI)

Active food-packaging systems contain agents such as antioxidants or antimicro-
bials, either in sachets, functionalized on the surface or incorporated directly in the
packaging matrices [95, 96]. These systems do not simply provide an inert barrier to
external elements, but can interact dynamically with the products or their immediate
environment to enhance product shelf life. PANI, an intrinsically conducting
polymer, also has antimicrobial and free radical scavenging properties. It is also
relatively cheap and easy to prepare [97]. It can exist in a continuum of oxidation
states and can be easily switched between the reduced and the oxidized states. It has
good chemical, electrical, and optical properties that are associated with its insu-
lating and conducting forms. The oxidation of food stuff is induced by
oxygen-containing radicals, and therefore, radicals scavenging can be an effective
strategy to inhibit the oxidation of food stuff, because the propagation of the oxi-
dation reaction is prevented. Incorporating PANI in polymers such as LDPE, one of
the most widely used packaging materials in the food sector, can yield antioxidant
and antimicrobial active packaging systems. However, PANI’s insolubility in
common solvents and its poor mechanical properties make its processing very
difficult. Several conventional thermoplastics, such as PE, PP, nylon 12, and
polystyrene, have been combined with PANI to obtain materials with a proper
balance between electrical and mechanical properties. Blends of LDPE and PANI
showed particularly attractive properties as antistatic materials, for gas-separation
and ion-exchange membranes, as transducers in sensor devices, and for flexible
electrochemical systems.
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5.8.2 Thermoplastic Polyurethane (TPU)

Some of the applications, like automotive and consumer goods, where polyolefins
are used, demand that the part is painted. The non-polar surfaces of polyolefins,
however, lead to poor paint adhesion. In order to enhance the adhesion between a
polyurethane paint and an olefin block co-polymer (OBC), TPU can be blended into
OBC [98]. TPUs are an important class of materials with desirable properties such
as high strength, good abrasion, tear, oil and solvent resistance, and
low-temperature flexibility. The advantage of TPU over conventional PU is that it
can be melt-processed in conventional melt-processing equipment such as extruders
and mixers. It has already been used extensively in cars, electronics, medicine,
glazing, textiles, footwear, cable sheathing, and tubing. However, extruded TPUs
do not have the desired properties for applications such as transmission or hoisting
belts. UHMWPE is a material with good strength, low creep, low friction coeffi-
cient, low abrasion, and reduced wear, and the incorporation of UHMWPE into
TPU can improve the tribological properties, while retaining most of the
mechanical properties of the matrix [99].

5.8.3 Poly(Ethylene Terephthalate) (PET)

One of the recent applications in which recycled plastics were utilized is the pro-
duction of plastic lumbers that can be used in applications where treated wood was
previously used [100]. Railroad cross-ties are one of these applications. The patents
on this subject claim that the appropriate material for this application is a proper
combination of different disposed polymers such as ‘waste polyolefins’, mainly
HDPE, as well as polystyrene (PS) and thermoplastic polyesters (PET or PBT).
Since HDPE is the main source of plastic waste and has suitable mechanical
properties at a reasonable price, it is a good candidate for plastic recycling on a
large scale. However, the production of PET rapidly increased with the expansion
of the packaging industry [101]. The short life cycle of beverage bottles also leads
to the accumulation of post-consumed PET bottles, which inevitably creates serious
environmental problems. The recycling of waste PET therefore also became
important, and blending of recycled PET with PE is very attractive because of their
relatively low cost and excellent properties [102]. The amount of waste from
post-consumer PET and PP, especially in the beverage and packaging industry,
stimulated an in-depth investigation into the production of innovative new products
from recycled PET and recycled PP.

The thermal degradation stability and moisture absorption characteristics of
thermoplastics are not only related to their chemical composition, but also to the
effect of the dispersed phase size in polymer blends. The various forms and sizes of
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thermoplastic raw materials, e.g. pellets, flakes, or powder, can also have an effect
on their thermal degradation stability. Smaller pellets can easily absorb moisture
due to their large surface area and their surface roughness. They are therefore more
susceptible to hydrolysis when exposed to high temperatures, especially in the
presence of O,. However, these small pellets can dry more quickly and thoroughly
than larger pellets under similar drying conditions. These considerations led to an
investigation into the thermal degradation stability and moisture absorption char-
acteristics of PET/PP blends [103]. PP/PET blends were also investigated as shape
memory polymers, which were already discussed earlier in this chapter. The
shape-recovery value of the PP/PET blends increased rapidly up to 98.5 % with
increasing POE-g-MAH content. The recovery rate increased with increasing
recovery temperature [104].

5.8.4 Polyethylene Acrylic Acid (PEA)

PEA is well known for its use in conventional extrusion coating, co-extrusion
coating, and extrusion lamination [105]. The beneficial properties of PEA, such as
excellent adhesion to various substrates such as foils, paper, and films, can add
value to other polymers that require these properties for specific applications.
PEA/LDPE blends have many industrial uses because of their good mechanical
strength, processability, and impact strength.

5.8.5 Liquid-Crystalline Polymers (LCP)

There are several reasons for the development of thermotropic LCP-modified
thermoplastics [106]. LCP multicomponent mixtures with polymers such as PE, PP,
PS, polycarbonate (PC), PET, poly(butylene terephthalate) (PBT), PA, poly(ether
imide) (PEI), poly(ether ether ketone) (PEEK), and elastomers showed improve-
ments in the rheological, mechanical, and barrier properties, and in the dimensional
and thermal stabilities of the polymers. To effectively reduce the viscosity and
hence facilitate processing, the LCP inclusions should be in the nematic state with a
critical concentration oriented in the flow direction. Enhanced barrier properties are
the result of the dense packing of the rigid LCP chains and the continuity and
lamellar shape of the LCP phase, while the improved mechanical properties are the
result of the formation of extended LCP fibrils in the matrix polymer.
A self-reinforcing effect was obvious during extrusion and subsequent drawing of
the compositions containing considerable amounts of LCPs.
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5.8.6 Fluorothermoplastics

Blend properties are normally controlled by the morphology and phase sizes
developed during the blending of two or more polymers. The polymer blend pro-
cessing parameters can be controlled to a large extent by understanding the rhe-
ology of the blend. Fluorothermoplastic (THV) blends are considered a
cost-effective replacement of engineering materials, especially in the fabrication of
vehicle fuel tanks [107]. THV in a PE matrix has very good barrier properties that
will enhance the permeability resistance of PE containers. The mechanical prop-
erties of these blends depend on the type of THV used, which determines the size
and dispersion of the THV spheres in the PE matrix (Fig. 5.14).

5.8.7 Poly(3-Alkylthiophenes) (P3ATs)

Conjugated polymers and, especially, regioregular P3ATs demonstrated intriguing
electrical and optical properties that led to a number of potential applications in
high-performance organic thin film transistors, polymer solar cells, and chemical
sensors [108]. Both the electrical and the optoelectrical properties of the
P3AT-containing blends are significantly influenced by their morphology and phase
behaviour. If the miscibility between P3AT and a non-conducting polymer becomes
very poor, the conductivity of the blend is low. Since perfect mixing on a molecular
level is not possible, a conductive network of P3AT cannot be easily formed. Poly
(3-butylthiophene) (P3BT) has a limited miscibility with polyethylene, and the very
small spherulites of the pure PE were changed into large, ring-banded
2D-spherulites in the thin films by blending with P3BT (Fig. 5.15). The limited
miscibility created the necessary conditions for improving the growth of PE-ringed
spherulites and resulted in PE lamellar twisting during crystallization with the
period decreasing with increasing P3BT content.

5.8.8 Speciality Blends for Membranes and Foams

Block polymers containing an etchable block have been used as precursors for
nanoporous polymers [109]. Because nanoporous polymers have large internal
surface areas, large pore volumes, and uniform pore dimensions, these materials
were studied as separation/purification media, battery separators, templates for
nanostructured materials, low dielectric materials, and low refractive index mate-
rials. Both pore wall functionality and robustness of the matrix are important for the
practical use of nanoporous polymers. As shown in Fig. 5.16, PLA was selectively
etched from a blend with reactive block co-polymers to form a nanoporous material,
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which showed improved water uptake because of the hydrophilic PMe(OE)xMA on
the pore walls.

The hydrophobic properties of polyethylene (PE) are considered to be the key
factor limiting the application of PE membranes, especially for water treatment
[110]. The hydrophobicity of the membrane causes (i) high energy consumption
during its use, because a higher pressure is required for water to penetrate the
membrane and (ii) membrane fouling which leads to a rapid decay of the flux.
Hydrophilic modification is therefore an important direction for research into
high-performance PE membranes. Extensive studies focused on amphiphilic
co-polymers (e.g. PE-b-PEG), because the hydrophobic segments usually have
good compatibility with the matrix and can act as anchors in the membrane matrix
to prevent the loss of the co-polymer during the membrane preparation and oper-
ation processes. Meanwhile, the hydrophilic moiety always enriches the surface of
the membrane, giving the membrane improved hydrophilicity.

A foamed plastic is called an open-cellular foam when its pores are intercon-
nected with one another; otherwise, this plastic is called a closed-cellular foam
[111]. Open-cellular plastic foams are applied in the field of acoustic insulation.
Two different mechanisms of bubble nucleation exist: homogeneous and hetero-
geneous nucleation. Several nucleating agents have been used to enhance hetero-
geneous bubble nucleation. PS/PE blends with dispersed PE domains were studied
to observe the effects of a dispersed domain polymer on heterogeneous bubble
nucleation, as well as on cell wall opening. PS and PE are immiscible, and the
interfacial tension between these polymers is higher compared to blends such as
PMMA/PS or PP/PE. The viscosity difference between the dispersed domain and
the matrix could be altered by changing the processing temperature and the PE
grade.

5.8.9 Chlorinated Polyethylene (CPE)

CPE is a special class of elastomer prepared from polyethylene by random chlo-
rination in an aqueous medium, and it is always available in a powder form [112]. It
possesses a number of advantageous properties over other unsaturated and saturated
elastomers. The saturated backbone of CPE imparts excellent weather, ozone,
oxidation, chemical, and hydrocarbon oil resistance, as well as very good com-
pression set, low-temperature flexibility, heat-ageing resistance, and very good
processability. The presence of chlorine atoms in the backbone of CPE gives
inherent flame retardancy. Ethylene methacrylate co-polymer (EMA) also has a
saturated backbone, and therefore, it has very good age, oil, and thermal degra-
dation resistance. It further has excellent low-temperature flexibility which is much
better than that of CPE, even without any plasticizer. All halogen-containing
polymers produce toxic and corrosive gases once it burns, and therefore, CPE is not
always a good choice in a number of applications. Blending of EMA with CPE
should reduce the adverse effect of halogen in a polymer used for wire and cable
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covers and jacketing, while combining the beneficial properties of the two
polymers.

PVC is a widely used commodity polymer because of its excellent properties
such as high stiffness, good transparency, low flammability, and favourable price
[113]. PVC is recyclable, but incompatible contaminations reduce its mechanical
properties. Polyethylenes, with their low glass-transition temperatures, should be
good impact modifiers of PVC, but the incompatibility of these two polymers
makes the preparation and application of such a blend almost impossible. The
thermal stability of PVC is limited, and it requires special care during processing to
prevent thermal degradation by dehydrochlorination. CPE was found to be a very
good compatibilizer in PVC/polyethylene blends because it contains a broad range
of different structural units on the same molecule.

5.9 Conclusions

This chapter described recent research on polyolefins blended with other poly-
olefins and with a variety of other polymers, including natural and biodegradable
polymers. Most of the research concentrated on morphology—property relationships
and on understanding the different morphologies and their influence on obtaining
the required properties for specific applications. From this chapter, it is clear that
polyolefin blend research during the first decade of the twenty-first century was
concerned with (i) improving the usability of known polyolefin blends for certain
applications, (ii) obtaining a better understanding of blending technology for
recycling of polyolefins, and (iii) increasing the biodegradability of polyolefins
through blending with natural or biodegradable polymers, without sacrificing the
excellent properties of the polyolefins.
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