THE HANDBOOK OF
ENVIRONMENTAL CHEMISTRY

Volume Editor Peter Eyerer

Polymers -
Opportunities
N

General and Environmental Aspects

@ Springer




The Handbook of Environmental Chemistry

Founded by Otto Hutzinger
Editors-in-Chief: Damia Barcelo + Andrey G. Kostianoy
Volume 11

Advisory Board:

Jacob de Boer, Philippe Garrigues, Ji-Dong Gu,
Kevin C Jones, Thomas Knepper, Alice Newton,
Donald L. Sparks



The Handbook of Environmental Chemistry
Recently Published and Forthcoming Volumes

Polymers — Opportunities and Risks II:
Sustainability, Product Design

and Processing

Volume Editors: P. Eyerer, M. Weller,
and C. Hiibner

Vol. 12, 2010

Polymers — Opportunities and Risks I:
General and Environmental Aspects
Volume Editor: P. Eyerer

Vol. 11, 2010

Chlorinated Paraffins
Volume Editor: J. de Boer
Vol. 10, 2010

Biodegradation of Azo Dyes
Volume Editor: H. Atacag Erkurt
Vol. 9, 2010

Water Scarcity in the Mediterranean:
Perspectives Under Global Change
Volume Editors: S. Sabater and D. Barceld
Vol. 8, 2010

The Aral Sea Environment
Volume Editors: A.G. Kostianoy
and A.N. Kosarev

Vol. 7, 2010

Alpine Waters
Volume Editor: U. Bundi
Vol. 6, 2010

Transformation Products of Synthetic
Chemicals in the Environment
Volume Editor: A.B.A. Boxall

Vol. 2/P, 2009

Contaminated Sediments
Volume Editors: T.A. Kassim
and D. Barcelo

Vol. 5/T, 2009

Biosensors for the Environmental
Monitoring of Aquatic Systems
Bioanalytical and Chemical Methods
for Endocrine Disruptors

Volume Editors: D. Barceld

and P.-D. Hansen

Vol. 5/J, 2009

Environmental Consequences of War
and Aftermath

Volume Editors: T.A. Kassim

and D. Barceld

Vol. 3/U, 2009

The Black Sea Environment
Volume Editors: A. Kostianoy
and A. Kosarev
Vol. 5/Q, 2008

Emerging Contaminants from Industrial
and Municipal Waste

Removal Technologies

Volume Editors: D. Barcel6 and M. Petrovic
Vol. 5/S/2, 2008

Fuel Oxygenates
Volume Editor: D. Barcel6
Vol. 5/R, 2007

The Rhine
Volume Editor: T.P. Knepper
Vol. 5/L, 2006

Persistent Organic Pollutants
in the Great Lakes

Volume Editor: R.A. Hites
Vol. 5/N, 2006

Antifouling Paint Biocides
Volume Editor: I. Konstantinou
Vol. 5/0, 2006

Estuaries
Volume Editor: P.J. Wangersky
Vol. 5/H, 2006



Polymers — Opportunities
and Risks |

General and Environmental Aspects

Volume Editor: Peter Eyerer

With contributions by

Adolf Franck - Ana Rodriguez - Axel Kauffmann -

Bernd Bader - Christian Ulrich - Christof Hiibner -

Fabian Beilharz - Giinter Helferich - Jan Diemert -

Jorg Woidasky - Marc Knoblauch-Xander - Michael Krausa -
Michael Kroh - Nina Woicke - Stefan Troster - Thilo Kupfer -
Volker Gettwert

@ Springer



Editor

Prof. Dr. Peter Eyerer

Fraunhofer-Institut fiir Chemische Technologie ICT
Joseph-von-Fraunhofer Strae 7

76327 Pfinztal

Germany

peter.eyerer@ict.fraunhofer.de

The Handbook of Environmental Chemistry

ISSN 1867-979X e-ISSN 1616-864X

ISBN 978-3-540-88416-3 e-ISBN 978-3-540-88417-0
DOI 10.1007/978-3-540-88417-0

Springer Heidelberg Dordrecht London New York

Library of Congress Control Number: 2010931701

© Springer-Verlag Berlin Heidelberg 2010

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication
or parts thereof is permitted only under the provisions of the German Copyright Law of September 9,
1965, in its current version, and permission for use must always be obtained from Springer. Violations
are liable to prosecution under the German Copyright Law.

The use of general descriptive names, registered names, trademarks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

Cover design: SPi Publisher Services
Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Editors-in-Chief

Prof. Dr. Damia Barcel6 Prof. Andrey G. Kostianoy
Department of Environmental Chemistry P.P. Shirshov Institute of Oceanology
IDAEA-CSIC Russian Academy of Sciences
C/Jordi Girona 18-26 36, Nakhimovsky Pr.

08034 Barcelona, Spain 117997 Moscow, Russia

and kostianoy@mail.mipt.ru

Catalan Institute for Water Research (ICRA)

H20 Building

Scientific and Technological Park
of the University of Girona

Emili Grahit, 101

17003 Girona, Spain
dbcqam@iiqab.csic.es

Advisory Board

Prof. Dr. Jacob de Boer
IVM, Vrije Universiteit Amsterdam, The Netherlands

Prof. Dr. Philippe Garrigues

University of Bordeaux, France

Prof. Dr. Ji-Dong Gu
The University of Hong Kong, China

Prof. Dr. Kevin C Jones
University of Lancaster, United Kingdom
Prof. Dr. Thomas Knepper

University of Applied Science, Fresenius, Idstein, Germany

Prof. Dr. Alice Newton

University of Algarve, Faro, Portugal

Prof. Dr. Donald L. Sparks

Plant and Soil Sciences, University of Delaware, USA






The Handbook of Environmental Chemistry
Also Available Electronically

The Handbook of Environmental Chemistry is included in Springer’s eBook
package Earth and Environmental Science. If a library does not opt for the whole
package, the book series may be bought on a subscription basis.

For all customers who have a standing order to the print version of The Handbook
of Environmental Chemistry, we offer the electronic version via Springer Link free
of charge. If you do not have access, you can still view the table of contents of each
volume and the abstract of each article on SpringerLink (www.springerlink.com/
content/110354/).

You will find information about the

— Editorial Board

— Aims and Scope

— Instructions for Authors
— Sample Contribution

at springer.com (Www.springer.com/series/698).

All figures submitted in color are published in full color in the electronic version on
SpringerLink.

Aims and Scope

Since 1980, The Handbook of Environmental Chemistry has provided sound
and solid knowledge about environmental topics from a chemical perspective.
Presenting a wide spectrum of viewpoints and approaches, the series now covers
topics such as local and global changes of natural environment and climate;
anthropogenic impact on the environment; water, air and soil pollution; remediation
and waste characterization; environmental contaminants; biogeochemistry; geo-
ecology; chemical reactions and processes; chemical and biological transformations
as well as physical transport of chemicals in the environment; or environmental
modeling. A particular focus of the series lies on methodological advances in
environmental analytical chemistry.

vii






Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,
environmental chemistry was an emerging field, aiming at a complete description
of the Earth’s environment, encompassing the physical, chemical, biological, and
geological transformations of chemical substances occurring on a local as well as a
global scale. Environmental chemistry was intended to provide an account of the
impact of man’s activities on the natural environment by describing observed
changes.

While a considerable amount of knowledge has been accumulated over the last
three decades, as reflected in the more than 70 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges
ahead due to the complexity and interdisciplinary nature of the field. The series
will therefore continue to provide compilations of current knowledge. Contribu-
tions are written by leading experts with practical experience in their fields. The
Handbook of Environmental Chemistry grows with the increases in our scientific
understanding, and provides a valuable source not only for scientists but also for
environmental managers and decision-makers. Today, the series covers a broad
range of environmental topics from a chemical perspective, including methodolog-
ical advances in environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of
societal relevance in the broad view of environmental chemistry. Topics include
life cycle analysis, environmental management, sustainable development, and
socio-economic, legal and even political problems, among others. While these
topics are of great importance for the development and acceptance of The Hand-
book of Environmental Chemistry, the publisher and Editors-in-Chief have decided
to keep the handbook essentially a source of information on “hard sciences” with a
particular emphasis on chemistry, but also covering biology, geology, hydrology
and engineering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs
of both researchers and graduate students, as well as of people outside the field of
“pure” chemistry, including those in industry, business, government, research
establishments, and public interest groups. It would be very satisfying to see
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these volumes used as a basis for graduate courses in environmental chemistry.
With its high standards of scientific quality and clarity, The Handbook of Environ-
mental Chemistry provides a solid basis from which scientists can share their
knowledge on the different aspects of environmental problems, presenting a wide
spectrum of viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online
via www.springerlink.com/content/110354/. Articles are published online as soon
as they have been approved for publication. Authors, Volume Editors and Editors-
in-Chief are rewarded by the broad acceptance of The Handbook of Environmental
Chemistry by the scientific community, from whom suggestions for new topics to
the Editors-in-Chief are always very welcome.

Damia Barcel6
Andrey G. Kostianoy
Editors-in-Chief



Volume Preface

Polymers have achieved tremendous success since their first industrial applications.
Today the worldwide production of polymers is about 260 Mio t/a entailing a huge
number of employees working not only in production but also in the processing of
polymers. A success story of such magnitude must now, however, be regarded in
terms of environmental issues, which was not the case until the 1970s when
pollution of the environment was focused on more and more by society in different
parts of the world, today playing a very important role.

Against this background the Handbook of Environmental Chemistry will dis-
cuss the environmental aspects of the industrial use of polymers in two volumes
called Polymers — Opportunities and Risks I: General and Environmental Aspects
and Polymers — Opportunities and Risks Il: Sustainability, Product Design and
Processing. The scope of these volumes is to take a critical view on the chances and
potential of polymers, recognizing their risks in reference to environmental issues
arising from their production and application.

Because of the strong engineering background of the editors, the engineering
view point is predominant throughout these volumes emphasizing the fact, that the
processing of polymers and the service life of polymeric parts play — besides their
production — a decisive role in view of their environmental impact. The field
addressed is characterized by such diversity that two single volumes are just able
to relate the most important aspects.

Following this mainly engineering view point, the first volume Polymers —
Opportunities and Risks I is dedicated to the basics of the engineering of polymers
(materials, processing, design, surface, use phase, recycling, depositing) — but
always in view of the environmental impact.

In the second volume Polymers — Opportunities and Risks 11, single aspects are
regarded in more detail by means of examples. Our aim was to select examples that
cover a broad range of topics of interest and of course we would be happy if we
have succeeded in meeting the interests of the majority of readers.

Because of the complexity of the subject and the broadness of the covered topics,
the production of these volumes took far longer than expected when we planned the
project. We would like to thank Springer-Verlag for their help and active coopera-
tion and the contributing authors for their patience in waiting for the publication of
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their contributions, quite a few of which are not published in their original form but
were actualized in 2009. We would also like to thank Alexandra Wolf for her
incredible commitment in helping with manuscript organization.

Peter Eyerer
Christof Hiibner
Martin Weller
Volume Editors
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Plastics: Classification, Characterization,
and Economic Data

Peter Eyerer

Abstract This chapter defines “Environmentally Friendly Polymer Engineering”
as the basic organizational system of the first volume of these two books. The
classification of plastics, and a list of their main characteristics, follows. This
chapter closes with some economic data.
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1 Introduction

Plastics are high molecular organic compounds, produced either by conversion of high
molecular natural materials or by additive chemical combination of low molecular
building blocks, so-called monomers, in a variety of different chemical reactions. This
leads to the differentiation between converted natural materials and synthetic plastics.
The synthetic plastics are the more widespread and various of the two groups. Their
variety is due to the many potential combinations of monomeric building blocks and
the different ways of combining them to form high molecular chains (linear, branched,
crosslinked). Although new synthetic plastics are still occasionally discovered through
ongoing research and engineering efforts, the number of chemical modifications of
existing plastics by means of copolymerization or blending is now much greater.

Plastics (polymers) are materials, so the study of plastics is part of material
science. The aim is to use the materials in construction of useful solids that can be
processed, used, and recovered beneficially from the point of view of engineering,
economics, and the environment.

Plastics are “tailor-made” materials, with all of the opportunities and risks this
high level of adaptability entails, whereby the risks often result from improper
handling of the material and are thus avoidable.

In most cases, opportunities can only be properly exploited if inherent potentials
are developed and implemented with a degree of technical expertise. Risks, on the
other hand, can often not be neutralized, or at least reduced to tolerable levels,
without suitable development and management efforts and expenditures. The
challenge is to master both — opportunities and risks.

2 Environmentally Friendly Polymer Engineering

The development of parts, components, systems — and of products in general —
requires a holistic point of view.

Polymer engineering (see also [1]) thus includes synthesis, processing, construc-
tion design, tooling, production systems, production, surface characteristics, recycling
and disposal as well as education and advanced training in these areas (see also Fig. 61
of Chapter “Processing (Primary Forming) of Plastics into Structural Components”).

Plastics or polymers result from chemical reactions that convert monomers into
polymers, so-called polymerization.

Depending on the types of reinforcing materials used — fibers (short, long),
balls, wafers, or fiber textiles/weaves — the properties of polymers are highly variable.

Working with plastics and composites presupposes knowledge of the tempera-
ture and time-dependent properties of this group of materials. The higher the
degree of chemical crosslinking of the macromolecules, the basic building-blocks
of every plastic, the higher the thermal and mechanical load levels it will withstand,
the less it will creep under load, the better it will resist the effects of media, and the
lower its emission levels will be.

Plastics and composites are tailor-made materials. The unrestricted freedom this
implies has been reduced in the past 20 years by the necessity of recycling and the
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difficulties involved in disposal. Recent years have seen more development and
use of specific functional and gradient materials that can hardly be economically
recycled in pure form. In these cases, the utilitarian advantages of the material
override the recycling aspect.

Further important advantages of plastics include the many economical proces-
sing potentials of these materials, combined with the freedom of form and design
and the integration of various functions. The potential for innovation in processing
of polymers and composites remains enormous.

Combinations of different processes open up new horizons. In the future, pressing
of graded fiber composites will become an attractive alternative. A breakthrough in
automotive engineering based on use of this group of materials is on the way.

The competitiveness of materials is influenced to a considerable degree by how
much time is required to produce prototypes (rapid prototyping) and tooling
techniques (rapid tooling). The integration of rapid engineering with simultaneous
engineering (CAD, CAE, CIM, TQM ...) is now considered the state of the art.
A further opportunity is presented by the continued intensive development of
products suitable for inmold assembly techniques.

As soon as economical processing methods for parts with large surface areas
with integrated in-line, nondestructive testing become available, polymer-fiber
composites will see large series production, for example in the automotive industry
for exterior and interior applications and in the construction industry (including
load-bearing structures). Composites are already irreplaceable in the fields of
mechanical engineering, medical technology, electrical engineering, and construc-
tion engineering.

Surface engineering is a key technology for applications with plastics and
composites. Consumers demand top quality, but do not see the consequences
for the natural environment. In the future, product manufacturers especially in
automotive industry should cooperate to cut back exaggerated surface qualities as
a contribution to the preservation of natural resources.

Water-based and single-layer paints, overspray reductions, solvent recovery,
paint sludge recycling, and through-dyed basic materials are some of the areas in
which environmental problems can be approached, including plastics recycling.

Nearly all plastics can be reused. The purer the recovered material, the better.
Composites based on different matrices must be viewed much more critically in this
sense. At present, material recycling is still struggling with economic and logistical
problems.

Disassembly costs are largely ignored in product pricing. The incineration of
plastics is still often the most economical solution. It makes little practical sense to
consider plastics recycling within an isolated framework.

Holistic balances are decision-making aids that are helpful in the selection of
materials and processes during product development. Qualified judgments cannot
be forthcoming until production, processing, utilization, and recycling/disposal
have been analyzed in the form of a closed cycle, completely and objectively
(applying understandable, clearly defined framework conditions). Interactive
databases and standardized evaluation methods are needed for this purpose.

Materials under consideration for future use can only be analyzed and evaluated
properly within an all-inclusive product engineering framework. When it comes to
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plastics and composites, this means polymer engineering and also applies to poly-
mers made from renewable raw materials (matrix and fibers).

In addition to the technical aspects, education and advanced training must also
be integrated into product engineering. Improved teaching and learning approaches
are going to have to replace the old podium lecture. For example, the training
program TheoPrax [11] integrates students, teachers, and industrialists in serious
project work.

3 Classification of Materials

Materials can be generally classified as metals and nonmetals, with composites as a
variable subset. Plastics are organic materials, subcategorized as either natural
materials such as lignin (bio resin of wood) or latex or as synthetic materials,
including their conversion from natural original raw materials.

4 Classification of Plastics

As shown in Fig. 1, plastics are classified as thermoplastics, elastomers, and
duroplastics. In practice, classification is made in accordance with a number
of different aspects. In Fig. 1, thermoplastics are categorized in physical terms
(according to structure), elastomers in chemical terms (double bond), and duroplas-
tics according to process pressure.

Thermoelastics (more of a special case) and the significant group of thermoplas-
tic elastomers (TPE) are shown in Fig. 1 above thermoplastics with rubber elements

plastics (polymers)

thermoplastics elastomers duroplastics

thermoelastics

Y crosslinking under
thermoplastic elastomers

semicry i high pressure low pressure
i i wide-meshed close meshed
\ I\ J
—_ Y Y
not chemically UHMWPE chemically
crosslinked - phys. crosslinked crosslinked

- chem. crosslinked

Fig. 1 Classification of plastics [2]
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chemically integrated into the molecular chains. Their integration is either uncross-
linked or crosslinked.

5 Classification of Composites

Composites are defined as follows:

e They consist of two or more components (phases)
e that are mutually insoluble
e with properties optimized for specific applications
* macroscopically, they are quasi-homogeneous

The preconditions for a composite design are:

¢ The properties of the phases must differ by greater than a factor of 3 and
e each phase must account for more than 10% by mass (1-3% by mass of particles
with large specific surface (nano particles) are sufficient for reinforcement)

Table 1 shows the classification of composites in general use along with examples
of applications.

Table 1 Classification: composite materials and their applications [2]

Geometry Particle Fiber composites Material composites,
composites layered composites
Reinforced Glass, beads, Glass fibers, Sandwich:
materials talcum, quartz whiskers, — High-strength
powder C fibers sheets/films
Matrix — Oriented fibers,
materials layers, etc.
Metals Femur-head Piston head, piston =~ Combustion
(block recess edge chamber (CHG),
carbides) flat gasket
Inorganic Glass Sintered foamed ~ Wire-reinforced Safety glass
materials glass glass
Ceramics Protective plates ~ Valves, turbine Piston head, piezo
for gliders vanes actors
Cement Concrete Steel, carbon fiber-  CFP layer bridge
reinforced repairs
concrete
Carbon - Brake linings Flat gaskets
Polymers Thermoplastics Pump casings Fan impellers, Surfboard,
frontend, packaging,
underbody dashboard
Duroplastics Grinding wheels ~ Bumpers, implants, Headlamp reflector,
aircraft structures plywood
Elastomers Car tires (tread) Rubber tubing Membranes, rubber-

metal composites
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6 The Main Characteristics of Plastics (According to [3])

Thermoplastics are uncrosslinked plastics up to their decomposition temperature.
Flow or melting (Fig. 2) occurs above the softening point of the amorphous
structure in amorphous thermoplastics and above the melting temperature of
semicrystalline thermoplastics. In this thermoplastic state, the viscous liquid can
be processed. Form strength is achieved by cooling. Meltdown, solidification, and
crystallization can be repeated any number of times.

TPE are multiphase plastics with molecular segments characterized by elastic
deformability into which fusible amorphous thermoplastics are integrated, render-
ing them thermoplastically deformable.

Thermoelastics are chemically or physically wide-meshed crosslinked plastics
that become elastic above the softening temperature (glass transition temperature)
or fusing temperature, but do not flow viscously up to the decomposition tempera-
ture, making them nonprocessable as thermoplastics. Below the softening tempera-
ture, their characteristics are similar to thermoplastics.

Elastomers are chemically wide-meshed crosslinked plastics that are elastic from
lower temperatures (below 0 °C) up to the decomposition temperature (Fig. 2). As a
result of the wide-meshed crosslinking, macrobrownian movements (molecular

N/mm? ‘ ‘
I I
fiber-reinforced duroplastics
5 / \
10 / 1
VI - 7 7 27 o b D LI Yol lob b,
duroplastics
o T = I
————_ e 22202299 i DI
AN 77 MSRp
thermoplastics
- } /TgD
= 3 A
Z 10 ki 2N
[} T
Ko ! T -
© é/TgE 9T Y| MSR;
S) 2
g 10 %%
=l
©
g 1 elastomers
10° \ p—
0 S e e =S = -
SEGIITII 77T/ N—f
10°
-80 —-40 0 40 80 120 160 200 °C

temperature 3

Fig. 2 Temperature-dependence of the modulus of elasticity (Young’s modulus) of plastics
(diagram). As an alternative to this modulus, tension ¢ can also be plotted against constant
elongation ¢ or viscosity v, or other properties [2]. MSREg 1 p: main softening range of elastomers,
thermoplastics, duroplastics, T,: associated glass transition temperature, Ty: flow point of the
amorphous thermoplastic, ////////: application range, W\ application range
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chain sliding) are not possible at any temperature. Above the softening temperature
(glass transition temperature) — above —80 °C to +20 °C, depending on the plastic —
chain segment mobility becomes possible, facilitating greater deformations
depending on the temperature and external force loads. Flow processes (processing)
are hardly possible after crosslinking (vulcanization) (Fig. 2).

Duroplastics are chemically close-meshed plastics up to the decomposition
temperature, and normally amorphous. As a result of crosslinking, the macromole-
cules no longer show microbrownian motion (rotation of chain segments). Limited
chain segment movements resulting in limited creep processes become possible
only above the softening temperature (glass transition temperature) — i.e., at over
50 °C. Flow processes (processing) are no longer possible after crosslinking.

thermoplastics

|
| |

amorphous semicrystalline
multiphase multiphase multiphase
— block copolymers — homopolymes a) C—C polymers
SBS PMMA polyolefins
(thermoplastic celastomers) PS PE
PVC PP
PC
PET, PBT — fluorinated polymers
graft copolymers PU, linear PTFE
PCTFE
SB — static copolymers FEP
ABS ETFE
SAN
— polymer mixtures EVA ° b) heteropolymers
@ polymers with heteroatoms
=
3 (e.g.O,N,...)
< in the main chain
PA, POM, PI
PET PBT
amorphous — semicrystalline

structural models (crystalline + amorphous)

JJuujuyj L
amorphous
[' crystalline
amorphous
crystalline
ﬂ amorphous
ﬂ ninnn

tie molecules

Fig. 3 Classification of thermoplastics according to structural characteristics [2]
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Thermoplastics and TPE are meltable; elastomers and duroplastics are not
meltable. All plastics are subject to greater and lesser degrees of softening and
freezing.

The temperature-dependent characteristics result essentially in the following
curves (in fact, each group of plastics is characterized by large numbers of different
curves), see Fig. 2.

The following presentations and information contribute details on the main
properties of plastics.

Thermoplastics can be classified in accordance with Fig. 3 (in reality: three-
dimensional). The arrangement of the macromolecules is shown schematically.

A tire formula is presented as an application of elastomers in Table 2.

Table 2 An example of a tire

: 10 % Steel cord Example of a passenger
formula (according to car tire formula:
Goodyear Research Center) 3 ¢, Textiles and bead wire 60 % SBR
in percent by mass 42 % Elastomer (rubber) — 20 % NBR

27 % Carbon black 12 % BR
11 % Oil 3 9% IIR
1% Chemical fillers 5 % other
elastomers
“M” (methalyn) “R” (rubber)
saturated unsaturated
without double bonds with

- acrylate elastomer ACM

- natural rubber NR

- butadiene elastomer BR

- styrene-butadiene rubber SBR

- nitrile butadiene rubber NBR

- isobutylene/isoprene elastomer IR
(butyl elastomer)

- polyurethan elastomer AM

- fluorinated elastomer FCM
- ethylene-propylene elastomer EPDM
- polysiloxane elastomer VQM

(also polyvinylmethylsiloxan VMSI)

Fig. 4 Classification of elastomers according to their structural characteristics [2] (for more details
see Table 3)

Fig. 5 Structural model of a
wide-meshed, chemically
networked elastomer with
little crosslinks (wide
deformable meshes)
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Table 3 Summary of the most important types of elastomers with their main applications [4]

Elastomers Abbrev. Typical applications
Chemically Natural rubber NR Apparatus linings, shoe soles, rubber
crosslinked boots, gloves, adhesives
elastomers Styrene-butadiene SBR Vehicle tires  Technical articles
(vulcanizates) rubber
Butadiene rubber BR Vehicle tires  Shoe soles, technical
articles
Isoprene rubber IR Vehicle tires  Thin rubber articles
Chloroprene rubber CR Technical rubber articles, e.g.,
conveyor belts, gaskets, tubes,
roller surfaces, container linings
Acrylonitrile-butadiene NBR Standard rubber for technical
rubber (nitrile applications:
rubber) O-rings, groove rings, sealing
bellows, rotary shaft seals,
gangway bellows, membranes,
tubes, seals resistant to oil and
fuels
Polyurethane PUR Wear-resistant, steaming machine
parts, linings, shoes
Ethylene—propylene EPDM Energy-absorbing external vehicle
terpolymers (diene) components such as front and
rear spoilers, bumpers, cable
insulations, mixed components
for thermoplastics (PP) profile
packings
Butyl rubber IIR Tubes for tires, seals, membranes,
damping elements, linings in
apparatus construction up to
140°C (abrasion-resistant),
electrical insulations in cable
industry
Silicone rubber VQM Mold seals and packing masses with
(polysiloxane) high levels of heat resistance and
cold flexibility
Fluoroelastomers FKM Seals that are highly resistant to heat
and chemicals
Physically Thermoplastic EPR (EPM) Energy-absorbing car parts such as
“crosslinked” polyolefin spoilers and bumpers
elastomers elastomers
(TPE) (ethylene—propylene
block copolymers)
Styrene—butadiene SBS Soles for shoes, mixed components
block polymers for thermoplastics
Thermoplastic TPE-U Ski boots, wear protection layers,
polyurethanes damping elements
Thermoplastic TPE-E Hydraulics, pneumatics (oil-resistant
polyether esters and thermally stable)
Thermoplastic TPE-A
polyamide

elastomers
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Elastomers can be classified in accordance with Fig. 4 (in reality: three-
dimensional).

Figure 5 shows the structural model for elastomers. Table 3 presents the
classification and applications of elastomers. TPE are two-phase or multiphase
plastics (block copolymers) with elastic properties similar to those of elastomers,
but with a melting temperature that allows for processing as with thermoplastics.
Figure 6 illustrates the classification of TPE.

Duroplastics are classified as shown in Fig. 7. The chemical crosslinking
reaction takes place in the molding tool (usually heated). Table 4 describes, based
on the example of polyolefin blends, their advantages over thermoplastics and
elastomers.

| thermoplastic elastomers TPE |

block copolymers elastomer alloys

* TPE-S * TPE-O (uncrosslinked)

* TPE-E * TPE-OC (part. crosslinked)

* TPE-U * TPE-MPR (melt processable rubber)
* TPE-A * TPE-EA (elastomeric alloys)

Fig. 6 Classification of thermoplastic elastomers (based on Osen and Sckuhr [5])

duroplastics

crosslinking under high crosslinking under low
pressure (in closed mold) pressure (usually in opened mold)

— casting (unpressurized)
— manual lamination

— spray layup

wet method dry method — filament winding
. . — centrifugal casting

— cold compression — resin sheets — vacuum bag molding

molding — molding
— hot compression compound

molding
2 components (liquid) -RTM BMC (sauerkraut mass — SMC method
are mixed in the mold - SRIM = pourable mass before — CFK with prepreg
before injection - RIM crosslinking)

Fig. 7 Duroplastics grouped according to processing method [2]
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Table 4 Thermoplastic elastomers (example of TPO); characteristics

Thermoplastic elastomers
(e.g. polyolefin blends TPO)

Advantages of polyolefin blends (TPO) Advantages of polyolefin blends (TPO)
compared to thermoplastics compared to elastomers

* improved resilience * lower processing costs

¢ higher utilization temperatures ¢ increased productivity,

reduced energy costs
= contain no plasticizers
* recyclability of production wastes
* improved resistance to abrasion and used components

* improved cold flexibility + enlarged processing potential

+ readily welded and colored

Fig. 8 Narrow-meshed, =~ \ _/r N\

chemically crosslinked ! ,.../l ‘
structural model for — < ]-_-'_' :
duroplastics

The structural model for duroplastics in Fig. 8 (in reality: three-dimensional),
shows the close-meshed crosslinking of the macromolecules resulting from the high
density of the chemical crosslinks.

Table 5 provides information on the most important abbreviations used in the
field of plastics. For a detailed list see [6].

7 The Economic Significance of Plastics

7.1 Economic Data on Thermoplastics [7]

Figures 9 and 10 provide current economic data on thermoplastics.
For extensive additional data go to the homepage of Plastics Europe (http://
www.plasticseurope.org).
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Table 5 Plastics abbreviations (a selection)

P. Eyerer

ABS
ASA
EP
EPDM

LCP
PA 11
PA 12
PA 4.6
PA 6
PA 6.6
PA 6.10
PA 6.6/6T
PAEK
PBT
PC

PE

PEI

PEEK
PES
PET
PEK
PMMA

Acrylonitrile butadiene styrene

Acrylonitrile styrene acrylate

Epoxide, epoxy resin

Ethylene propylene diene
methylene rubber

Liquid crystalline polymer

Polyamide 11

Polyamide 12

Polyamide 4.6

Polyamide 6

Polyamide 6.6

Polyamide 6.10

Polyamide 6.6/6T

Polyarylether ketone

Polybutylene terephthalate

Polycarbonate

Polyethylene

Polyether imide

Polyetherether ketone
Polyether sulfone
Polyethylene terephthalate
Polyetherketone
Polymethylmethacrylate

POM
PF
PP
PPA

PPE
PPS
PPSU
PS
PSU
PTFE
PUR
PVC
PVDF
SAN
SB
TPO

TPU

Up

Polyoxymethylene
Polyformaldehyde; phenolic resin
Polypropylene

Polyphthalamide

Polyphenylene ether

Polyphenylene sulfide

Polyphenylene sulfone

Polystyrene

Polysulfone

Polytetrafluoroethylene

Polyurethane

Polyvinyl chloride

Polyvinylidene fluoride

Styrene acrylonitrile

Styrene butadiene

Polyolefin-based thermoplastic
elastomer

Polyurethane-based thermoplastic
elastomer

Unsaturated polyester

chemical industry 3%

plastics 4%

heating installation,
process energy 45%

fuels 48%

Fig. 9 Petroleum consumption for production of plastics

7.2 Economic Data on Duroplastics [8]

- plastic manufacturing
represents approx. 4 % of
the worldwide petroleum
consumption

- approx. 90 % is used as
fuels or propellants in traffic
and heating

For current economic data on duroplastics as well as additional figures and infor-
mation, go to www.avk-tv.de.
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Germany

Plastics Processing in different sectors 2007

Construction Vehicles
252 % 9.2 %

Electronics
7.4 %

Household goods
2.9%

— Furniture
3.8 %
Agriculture

Medicine 3.8 %

1.7 %
Packaging L

32.4 %
Other
14.9 %

Plastics Processing 2007 = 12.5 million tons
Major application area: Packaging

Source: Consultic Marketing & Industrieberatung GmbH

Economic data and charts concerning the plastics market 2007/2008; last update 03/09

Fig. 10 Fields of application of plastics in Germany, volumes of processed plastics for 2007 [7]

Table 6 Pricing margins per kilogram of plastic granulate (selection) in € for Q1/2009 (order of

magnitude) [10]

Plastics/metals Euro (€) Plastics/metals Euro (€)
PE-HD? 0.78-0.87 PA 11 7.50-11.50°
PP* 0.83-0.86 PA 12 7.50-11.50°
pS? 0.98-1.02 PA 6° 2.36-2.58
PVC? 0.81-0.85 PA 6 GF® 2.67-2.88
ABS® 1.33-1.49 PA 6.6 3.08-3.21
pPCe 2.70-2.82 PBT® 2.89-3.02
PMMA® 2.77-2.89 POM® 2.49-2.57
PEI 10.00-17.00° PET 0.95-1.09
SAN 1.50-2.50° PPS 3.00-10.50°
SB 0.90-1.50° PTFE ~12.50°
PSU 13.50° LCP ~50.00°

PEEK ~60.00°
For comparison TPO 2.50-5.00°
St 37 0.30-0.50° TPU 3.75-6.25°
Al 0.70-1.00° UP 2.60-5.00°
Mg 1.50-2.00° PF (prepolymerized) 1.00-3.00°
Ti 4.00-5.00° EP 4.00-10.00°
CF fabric 80-120°

# Twenty ton truck load
® Pricing margins per kilogram of plastic granulate in € for 2007
¢ Single orders between 3 and 10 ton



14 P. Eyerer

7.3 Economic Data on Elastomers [9]

For current economic data on elastomers as well as additional figures and informa-
tion, go to www.vke.de.

7.4 Pricing Margin for Plastics

Table 6 lists pricing margins for a selected spectrum of plastics and metals.
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Synthesis (Manufacture, Production) of Plastics

Peter Eyerer

Abstract Addition polymerization (chain reaction, multistep reaction) and con-
densation polymerization are very briefly summarized from an engineering per-
spective. The influences of synthesis on opportunities and risks of raw materials
for plastics are listed. This chapter closes with some brief examples of plastics
chemical production.
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1 Overview of Polymerization

This chapter has been kept intentionally brief in view of the intended use of this
book as an engineer’s manual. The material used here was derived in large part
from the transparency collection of the Verband der kunststofferzeugenden Indus-
trie (Association of the Plastics Producing Industry), VKE [1]. For a deeper study,
[2, 3] are recommended. Also pay attention to the section “Further Reading” at the
end of this chapter.

Polymers are classified according to the reaction in which they are produced as
follows:

¢ Synthetic plastics
— Addition polymers
Chain reaction (polymerization)
Multistep reaction (polyaddition)
— Condensation polymers
¢ Converted natural materials

Each of these groups includes both linear, i.e., thermoplastic, and cross-linked
plastics. Depending on the degree of cross-linking, either

¢ highly elastic plastics (elastomers)
or
¢ highly rigid plastics (duroplastics) are produced

2 Polymerization (Synthetic Chemistry)

2.1 Addition Polymerization

2.1.1 Chain Reaction (Polymerization)

Double bonds are the basis of the polymerization process. The force that holds most
macromolecules together is the bonding strength of the carbon, i.e., its capacity for
bonding to its own and other atoms. Valence is the property that determines the num-
ber of potential bonds. Carbon is tetravalent, i.e., the C atom has four bonding arms.

The structural formulas of methane and ethane show that each bond of the
C atom is occupied by a hydrogen (H) atom. These are known as saturated bonds.

In the structural formula for ethylene, the two C atoms are, in contrast to ethane,
interconnected by a double bond. Such bonds are unsaturated, examples being the
monomers of the olefins (ethylene) and the vinyl monomers. They can be restored
to single bond status by means of a reaction. However, each of the two C atoms then
has a free bond on the outside seeking saturation and is unsaturated as long as this
state persists. Free bonds are not stable.
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In the case of ethylene, application of heat, high-energy radiation (e.g., UV or
X-rays), or in the presence of initiators or catalysts, the double bond is separated.
The ethylene base units combine to form polyethylene.

" me "
H*leH H~$~C‘*H $=C| H-C=C-H $~$

H H H HH H n
methane ethane ethylene acetylene polyethylene

The index n (degree of polymerization) at the foot of the brackets indicates
how many monomeric building-blocks have been combined to form the particular
macromolecule.

The degree of polymerization of plastics is within the range of 100 to one
million. Of course the individual macromolecules have different numbers of build-
ing-blocks, so that one can only speak of an average degree of polymerization.

Polymerization is an exothermal reaction because the polymer contains a
lower level of energy than the unsaturated monomers. The polymerization heat
of ethylene, for example, is very high. This heat must be dissipated during the
synthetic (production) process, since otherwise explosions would result. During
polymerization, a chemical reaction between the monomer and the polymer
causes a volume reduction (shrinkage), also resulting in increased density. In
the case of vinyl chloride, the shrinkage factor amounts to 34.4 % and with styrene
14.7 %. The conversion yield in each case is calculated on the basis of the change
in density.

Of the three polymerization types radical chain, ion chain, and stereoregulated
polymerization, the latter has become the most important, above all in polymeriza-
tion of the higher a-olefins.

The familiar polymers polyvinyl chloride (PVC), polystyrene (PS), and poly-
methylmethacrylate (PMMA), which were produced in the 1930s and 1940s in
large-scale production plants, are examples of so-called radical chain polymeri-
zation. One way of replacing the high-pressure polymerization method used for
ethylene (ICI), which involved radical catalysts, with a low-pressure process, was
provided by anionic coordinative catalysts, for example titanium tetrachloride
plus aluminum triethyl as a cocatalyst in the method according to K. Ziegler
(1953).

In 1953, Ziegler’s work then inspired Giulio Natta of Milan to apply these
insights to the stereoregulated polymerization of propylene. This work led to
discovery of isotactic, syndiotactic, and atactic PP as well as to research into their
structural property differences. The CH; groups can be arranged in various different
orders along the carbon chain, a property termed tacticity [3].

The following forms of polypropylene are differentiated in the stereoregulated
polymerization of this polymer:

Isotactic polypropylene, in which all CH; groups are arranged along the same
side of the carbon chain or extend outwards in accordance with their spiral
arrangement.
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isotactic polypropylene

Atactic polypropylene, in which the CH; groups are arranged randomly.
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atactic polypropylene

Syndiotactic polypropylene, in which the CH; groups are located on regularly
alternating sides of the carbon chain.
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syndiotactic polypropylene

The material type that is currently the most important is the isotactic polypro-
pylene obtained by means of stereospecific catalysts according to Ziegler/Natta.
It is high crystalline because the regularly formed chains are readily arranged. The
softening point is therefore 165 °C (crystallite melting point) as compared to 128 °C
for atactic polypropylene.

The large family of polyolefins ensures, and will continue to ensure, an unlim-
ited supply of many items in daily use with an annual production volume exceeding
65 million tons worldwide.

The major application significance, and resulting economic importance, of the
polyolefins were not completely satisfactory. The main characteristics of this
material included a molar mass distribution that was very wide, in addition to
which its tacticity was not uniform. These aspects affected its properties and
processing and restricted its applicability. The cause of these difficulties lay in
the fact that the Z/N catalysts comprised solid bodies on whose surface large
numbers of chains grew at varying rates, resulting in wide molar mass distribution.

A decisive improvement in the polymeric properties, and much-improved appli-
cability, were brought about by the metallocene catalysts that have been known
since the 1980s.

Metallocene catalysts, for example dicyclopentadienyl zirconium dichloride, in
combination with the cocatalyst methylalumoxane, helped establish a regulated set
of properties, making it possible to customize molar mass, molar mass distribution,
tacticity, heat resistance, rigidity, hardness, cold impact strength, and transparency.
Added to these advantageous physical properties is the reactivity of this catalyst
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combination: With only a single gram of zirconium, 100 kg of ethylene can be
polymerized into PE. One advantage of these metallocene catalysts is their high rate
of reaction, 10-100-times faster than the catalysts previously in use. A further
aspect, and indeed an essential one, is that the small volumes of catalysts required
no longer have to be removed from the polymer [3].

The typical structure of metallocene catalyst molecules is reminiscent of that of
enzyme molecules, which also catalyze the uniform synthesis of a biopolymer
molecule. Metallocenes are also capable of determinate control of polymerization
reactions of a given tacticity and chain length, for example the synthesis of isotactic
polypropylene with a uniform molar mass [4,5].

A milestone was reached in 1993 with development by Dow of the Insite™
technology, resulting in development of the polyolefin elastomers Affinity® and,
3 years later, Engage®™.

mPP fibers and films also have a wide spectrum of applications. These products,
Engage® polyolefin elastomers and new types of Nordel® EPDM rubber are more
readily customized to meet specific customer requirements as to processability and
performance characteristics than older synthetic rubber products, opening up a wide
range of high-quality polyolefins to customers.

Copolymerization

The polymers considered up to this point have all consisted of uniform monomers
in series. The precondition for polymerization was in each case the presence of at
least two points of linkage.

The deeper science penetrates into the fine structure of high polymer materials,
the more skills it acquires to wield the agents that influence the properties of the
homopolymers by means of copolymerization of one or more monomers. Other
methods of changing the properties of these materials are known, mainly physical
processes such as mixing, plasticizing, cross-linking, and drawing, but copolymeri-
zation is always preferred when the molecular properties of polymers are to be
changed.

The following arrangements are possible, depending on the reactants and reac-
tion conditions:

e Static copolymerization
e Alternating copolymerization
¢ Block copolymerization
¢ Graft copolymerization

Copolymerization is by no means restricted to two monomeric components.

Copolymerization is also the term used to describe the uniting of linear polymers
or polycondensates that still possess a reactive component (trifunctional monomers)
with polymerizable (bifunctional) monomers. The result is a cross-linked plastic,
for example unsaturated polyester + styrene — cross-linked polyester resin.
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Monomers for addition polymerization in a chain reaction [1] thus always
possess at least one C=C double bond. The two C atoms in the double bond may
carry hydrogen, other atoms, or even entire groups of atoms. In technical applica-
tions, the monomers used almost always have only one H atom substituted either by
another atom or a pendant group, usually quite small.

Six different monomers were selected for the polymerization reactions shown in
Fig. 1.

A number of different polymerization reactions can be used (radical, ionic,
stereoregulated) to convert monomers to polymers as a chain reaction in addition
polymerization.

Monomer Polymer
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Radical Polymerization [1]

Figure 2 shows a general summary of the process of radical polymerization. The
double bonds, as functional groups, react by opening a bond. The C atoms form the
chain. This is illustrated in a very schematic way in the upper section of Fig. 2.

The lower section of Fig. 2 provides more detail. Here we see a polymerization
process started by a radical generating agent or initiator, in this case dibenzoyl
peroxide. The radical resulting from the decomposition of the radical generating
agent, designated Re, attacks the first ethene molecule in the start reaction, produc-
ing another radical with a free electron that can then attack a further ethene
molecule. The carbon chain is propagated pairwise; this process is known as
chain growth (or propagation). After a while, chain breakage (or termination)
results when two chain ends come into contact with a lone electron, forming a
chemical bond.

Ethene bears on its periphery only H atoms. In propene, one H atom is replaced
by a methyl group, in styrene by a phenyl ring, in vinyl chloride by a Cl atom. In
Fig. 2, this type of substitution is indicated by an X. Monomers with more than one
substitution (e.g., polytetrafluorethylene) are used to make high-grade halogenated
plastics.

_|

CC+CC+CC+C—C+

1 I I
"'—C—CI -(1: CI"'?*'?—(I:—“‘ Polymer

Radical polymerization

Radical formation (initiator breakdown)
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Fig. 2 Reactions — radical polymerization [1] — a dash symbolizes a chemical bond involving two
electrons
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Radical polymerization is a balanced reaction in which the balance is usually
well in favor of the polymer. High pressure further enhances this effect. Raising the
temperature accelerates the formation of the radicals. Pressure and temperature also
influence the molar mass (chain length), molar mass distribution, and the degree of
branching.

Radical polyethylene does not have a purely linear structure as shown in Fig. 2.
If one chain end comes into contact with a lone electron on the inner part of another
chain, an H atom may be removed and a side chain substituted for it. High pressure
polyethylene therefore has a branched molecular structure and a resulting low
density of 0.915-0.94 g/cm®.

In addition to the radical type, there is also ionic polymerization. It is initiated by
ions (cations or anions), dissociation of which is naturally heavily dependent on
electrostatic effects, in particular solvation by the solvent. As in radical polymeri-
zation, the ionic process consists of a chain reaction. In the start reaction, a Lewis
acid or Lewis base attaches to one C atom of the double bond of a monomer. This
produces a charge at the other C atom. Whether anionic or cationic polymerization
takes place depends on the nature of this charge. Chain growth involves repeated
attachment to a double bond, whereby the charge “jumps” two C atoms further. In
ionic polymerization there is no chain breakage due to recombination. Termination
has to be induced by adding water, alcohols, acids, or amines. If this is not done, the
reaction comes to a halt when all of the monomer is used up, whereby the reactivity
is maintained for some time.

This is characterized as a “living polymer” state. lonic polymerization may often
take place at very low temperatures at a rapid rate. An example of this is polymeri-
zation of isobutylene with boron trifluoride as the catalyst. This process is run at
—100 °C in liquid propane.

Catalytic Polymerization [1]

Figure 3 is a schematic diagram of the two types of catalytic polymerization
currently used to produce polyethylene on an industrial scale. Common to both is
that the reactions are run at relatively low pressures and temperatures, hence the
term low pressure polyethylene. The product is designated as high density polyeth-
ylene (HD-PE). In chemical terms it is more uniform, and more of its substance
crystallizes to a solid, than is the case with LD-PE, which is why HD-PE is denser
than LD-PE.

The Ziegler—Natta catalysts are metal-organic mixed catalysts. These catalysts
result from mixing compounds of the metals of the secondary groups [IV-VIII with
metal alkyls or hybrids of groups I-III in the periodic table. Combinations of TiCly,
TiCl;, or VOCI; with aluminum alkyls or aluminum alkyl halogenides' are

! The aluminum reduces the metal compound and does not contribute to the polymerization
reaction.
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particularly effective. In polymerization of ethylene, additional ethylene molecules
get between titanium or vanadium atoms and the ethyl groups, thus extending the
chains stepwise by two C atoms. In the polymerization of propylene, the synthetic
process is for the most part stereospecific, with the methyl groups rotated in one
direction in quite a uniform manner (isotactic). Ziegler—Natta catalysis results in up
to 95 % isotactic polypropylene, see above [3].

Industrial applications of metallocene catalysts are a recent development. All of
them possess in their reaction center two aromatic rings, between which a complex
bond holds a metal atom, in most cases zirconium. This type of catalysis produces
polymers with exceptionally uniform structures. The chain lengths of the individual
molecules closely approximate one another. The spatial structure is therefore well-
defined. Polypropylene, for instance, is completely isotactic. It is even possible to
produce polypropylene in which the pendant group orientation alternates between
right and left. The resulting substance is known as a syndiotactic polypropylene
(see above) [3].

Catalytically manufactured polyethylene has a mainly linear structure with
Ziegler—Natta catalysis and a completely linear structure with metallocene cataly-
sis. The macromolecules of low pressure polyethylene may therefore come to lie
very close together, resulting in polyethylene with a high density of 0.95-0.98 g/cm’.
Parts of the molecules line up in parallel structures to form microcrystallites (small
crystalline structures). Low-pressure polyethylene film shows a much higher level
of breaking strength than high-pressure polyethylene film. The rubbing together of
the microcrystallites is what causes plastic film material made of low pressure
polyethylene (e.g., in bags) to “crackle.”

Side chains (short branches) can be intentionally added to low pressure polyeth-
ylene. To achieve this, a certain amount of longer alkenes (olefins) such as butene-1
or octene-1 are mixed into the ethylene. Metallocene catalysts then insert them in
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the chain in a highly uniform manner. In this way, low pressure polyethylene with a
low density (LLD-PE) can be produced as well.

2.1.2 Multistep Reaction (Polyaddition)

A multistep reaction, polyaddition, is a polyreaction of at least two bifunctional or
higher functional compounds. Polyaddition can result in either linear polymers
(thermoplastics) or cross-linked plastics (duroplastics), depending on the specific
functionality. Cross-linked products are obtained by means of a reaction of a
bifunctional reactant with a trifunctional one. The more polyfunctional the reactant,
the more closely meshed the cross-linking will be. That is why the polyols in
polyurethane or epoxy resin production are frequently replaced by polyesters and
polyethers containing large numbers of OH groups. Polyaddition, like polyconden-
sation, is a multistep reaction, Fig. 4. Important polyadducts include linear and
cross-linked polyurethanes as well as epoxy resins (see [2]).

Monomers for Polyadditions [1]

Epoxy resins [1] are duroplastics. Polyaddition initially produces an essentially
linear macromolecule that still possesses numerous OH groups. This addition
product is either placed in a mold or applied to surfaces in liquid form. This is
followed by chemical curing, and this process often involves heat application.
Because of their reliable adhesion to metallic substrates, epoxy resins are excellent
primer coats for automobile paints and can also be used as metal adhesives.
A further important field of application is electronics, where they serve as structural

Polymer
Dihydroxy compound | Epichlorhydrin
(bisphenol A)
OH a
|
e
H:,’C—C—CH3 I:D:\ _CH [::) Epoxide resin (EP)
O\CI
OH H,
Isocyanate Polyol
NCO OH
|
cHy
CH, EB:‘ (CH,), L[> Polyurethane (PUR)
Fig. 4 Monomers for (':Hz
multistep reactions Nco 6 H
(polyaddition) (based on [1])
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materials in printed circuit boards (PCBs) for semiconductors. Reinforced with
glass or synthetic fibers, epoxy resins are also used in boat and aircraft construction.

Polyurethanes can be produced in both linear (thermoplastic) and cross-linked
(duroplastic) configurations. In the latter case, both dialcohols and trialcohols are
used to induce cross-linking of the polymer chains. Polyurethane can also be
foamed with blowing agents. Current practice is to derive most of the blowing
agent from the reaction mixture. Adding small amounts of water splits off CO, from
isocyanate groups, which quickly form bubbles. Foamed polyurethane is used
among other things in furniture and automobile upholstery as well as for heat
insulation applications, for instance in refrigerators and prefab housing. All kinds
of shoe soles can also be made of polyurethane: from comfortable, robust hiking
shoes to high-performance track shoes.

Reactions: Polyaddition [1]

Figure 5 illustrates polyaddition using the example of polyurethane. As in esterifi-
cation, only the functional groups are essential to descriptions of the reaction, as

Functional groups

Isocyanate group: ~=N=C =0  Hydroxyl group: — OH

Addition
l S . E N c N .
Methanol Ethyl isocyanate N-ethyl-O-methylurethane

Polyaddition

6 o¢+o=c=N-|-N‘=c=o+&o O¢+O=C=N-[N=c=o
g ~— W —"

Polyurethane

Fig. 5 Reactions — polyaddition [1]
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seen here with the reaction of methanol and ethylisocyanate to produce N-ethyl-O-
methylurethane. Polyurethane is then produced when bifunctional monomers are
used. The structures shown in Fig. 5, with their “encapsulated” central sections,
once again represent a variety of diols or diisocyanates.

The functional groups react with one another, whereby the H atom of the
hydroxyl group attacks the N atom of the isocyanate group. No low molecular
secondary products are produced. Polyaddition thus also proceeds stepwise.

The foaming process widens the spectrum of applications of polyurethanes. It
can be induced by addition of a blowing agent or by a slight excess of isocyanate
and addition of a little water. In this case, CO; is split off from the isocyanate,
then forms fine, evenly distributed bubbles. Polyurethane foam can be produced
with either hard or elastic properties. The former type is used in applications such
as heat insulation material in refrigerators, the latter for furniture and car seat
upholstery.

Epoxy resins make excellent primers for automobile paints. Now most cars are
coated with epoxy resins before coats of colored paint are applied. These resins
adhere very well to metallic substrates. They render car bodies practically rust-
proof. In aircraft and boot construction, fiber-reinforced epoxy resins are used to
create extremely light, high-strength structures. PCBs for electronic devices are a
further field of application.

2.2 Condensation Polymerization

Polymerization is an addition reaction of a basic building-block that remains
chemically unchanged, except for the absence of the double bond, after the reaction.
Condensation polymerization is a substitution reaction. Two groups of reactive
compounds of the same or different types react with one another. Low molecular
secondary products such as water, ammonia, hydrogen chloride, alcohols, etc. are
produced in the reaction.

If the condensation reactants have only one reactive group, low molecular
compounds are produced along with the corresponding low molecular components
(see [2]).

Example: Esterification with acid + alcohol, water is split off.

® ? |
H;C—C—OH+HO —C,H; H;C—C-0-C,H; + H,0
acetic acid + ethyl alcohol ———  ethyl acetate

The familiar linear chains are produced from the bifunctional reactants (thermo-
plastic).

Example: Terephthalic acid dimethyl ester + glycol — polyethylene tere-
phthalate + methyl alcohol (re-esterification).
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Il Il
n—H;C-0—-C~)~C-OCH; + n—HOCH,~CH,OH

dimethyl terephthalate ethylene glycol

Il Il
»|~0-C~«)-C—CH,~CH,—|- + n—CH,OH

n

polyethylene terephthalate methanol

Close-meshed steric cross-linked three-dimensional networks are produced from
trifunctional or polyfunctional reactants (duroplastic).

Example: Phenol + formaldehyde — phenol resin + water.

Condensation polymerization is an example of polyaddition in single, indepen-
dent steps. Its heat tonality is endothermic, i.e., energy is introduced into the
reaction. The intermediate products that form can be isolated and stored for a
certain amount of time. Under suitable working conditions, the interrupted reaction
can then be continued. The plastics industry makes use of this feature to produce
molding compounds by mixing in fillers or various precondensates to reduce the
process cycle times.

2.2.1 Monomers for Condensation Polymers [1]

The examples shown in Fig. 6 are used to make important industrial products.

Polyester: polyethylene terephthalate (PET), the polycondensate of ethandiol
(glycol) and terephthalic acid, is now known even to the layman in two of its
applications. More and more nonalcoholic beverages are being filled into PET
bottles that can easily endure 30 return and refill cycles. As is the case with other
polyesters, PET also serves as a fiber raw material marketed under brand names
such as Trevira, Diolen, and Terylen and processed to produce textiles that are
highly wrinkle-resistant. This also opens up new potentials for recycling of bottles
that can no longer be reused. After they are removed from circulation, the bottles
are made into fibers that are used for insulation padding in warm winter parkas.
Polyester fibers add a great deal of tear-resistance to car airbags. In an accident, gas
enters the airbag explosively, creating within seconds a cushion that can prevent or
reduce injuries.

Polycarbonate is a very tough (resilient) polymer from which objects with high
levels of impact strength can be manufactured. This material is also so transparent
that it can be used for glazing purposes like acrylic glass. Finally, polycarbonate can
also be sterilized and has therefore been found suitable for applications in refillable
systems for milk and dairy products. However, washing with hot water may split off
bisphenol A, which can permeate into foods, for instance from baby bottles, so that
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Polyamide

et

Fig. 6 Monomers for condensation polymerizations. Structures: 1 = Diol (ethandiol = ethylene
glycol), 2 = Dicarboxylic acid (terephthalic acid), 3 = e-Caprolactam, 4 = Dicarboxylic acid
(adipic acid), 5 = Diamine (hexamethylene diamine), 6 = Dihydroxy compound (bisphenol A),
7 = Dicarboxylic acid chloride (phosgene)

polyamide is recommended for this purpose instead. For further risks involved in
the use of polycarbonate, see Sect. 4 in chapter “Properties of Plastics in Structural
Components.”

Caprolactam is an elegant example of a bifunctional monomer. The ring of this
cyclic internal amide can be opened by catalysts, for example water. This triggers
formation of the monomer for polycondensation, which can then be converted into
a polyamide. Only a small amount of water must be added for this purpose.
Theoretically, for every monomer to be built into the growing macromolecule, a
water molecule is first consumed, then released again in the polycondensation
reaction. In fact, the reaction continues without a further contribution from water
once it has been induced. Nylon and Perlon are the most familiar brand names for
polyamides. Fibers of these plastics provide the textile raw material for sheer
women’s stockings and high-strength rope.
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2.2.2 Reactions: polycondensation [1]

Figure 7 presents polycondensation using the example of polyesterification. As
in the reaction illustrated above of ethanol and ethanoic (acetic) acid, producing
acetic acid ethylester (ethyl acetate), only the functional groups are essentially
important in describing esterification. Bifunctional monomers are required for
polycondensation. In the example of polyesterification, diols such as ethandiol
(glycol) and dicarboxylic acids such as terephthalic acid are used.

The structures with encapsulated central components in Fig. 7 stand for various
diols or dicarboxylic acids.

The functional groups react with one another, whereby water is split off. The
first step produces a molecule with a carboxyl group at one “end” and a hydroxyl
group at the other.

Esterification can therefore be continued at either “end.” Polycondensation is
thus propagated stepwise in both directions.

Polycondensation is a multistep reaction. As such, it first produces oligomers,
i.e., molecules comprised of only a small number of monomers. Continuation of the
process to produce polymers can either take the form of step-by-step addition of
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Fig. 7 Reactions — polycondensation [1]
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further monomers or the union of oligomers. There is no typical chain termination
reaction. One might take the form of a “head-to-tail” reaction, resulting in a cyclic
polyester, although the probability of this occurring is minimal considering the
high initial concentrations of the monomer. It is much more likely that the ends of
different molecules will come into contact than the beginning and end of the same
molecule. In practice, high concentrations are obtained by induction of the reaction
among the monomers without solvents.

The low molecular reaction products of condensation reactions have to be
removed constantly. This results in a shift in the balance in favor of the polycon-
densate. Water is removed by distilling it off. This is done by heating the monomers
in the presence of catalysts. The product obtained is a polymer melt that can either
be granulated in the case of polyesters and polyamides or pressed through a fine
sieve to produce fibers.

Examples of polycondensates are polyesters, polyamides, polycarbonates, and
polysiloxanes (silicones).

Mixing in monomers with more than two functional groups results in cross-
linkage, which increases the hardness of the polycondensates. Three-dimensional
cross-linking is also possible with polyester resins in which monomers with double
bonds such as maleic acid are used. The polyester produced in this way can
subsequently be cross-linked with peroxides, resulting in a duroplastic. In addition
to polycondensates with a uniform chain structure, mixed polycondensates can
also be produced. Polyesteramides are one example, in production of which
dicarboxylic acids are converted with diols and diamines.

3 Influences of Synthesis on Opportunities and Risks
(Properties) of Raw Materials for Plastics

Table 1 summarizes important influential factors, listed separately for uncross-
linked plastics (thermoplastics) and cross-linked plastics (elastomers/duroplastics).

Table 1 Influence of polymerization on material properties [6]

Thermoplastics Elastomers/Duroplasticics

Molar mass Degree of cross-linkage influences rigidity, strength,
chemical resistance, softening temperature, . ..

Molar mass distribution Copolymerization (sequence length, etc.)

Degree of branching Low molecular components, e.g., isocyanates,

amines, phenols, formaldehydes
Tacticity
Residual monomers, e.g., styrene, VC
Residues, e.g., emulsifiers, solvents and
precipitants (in UHMW PE? diesel oil)

# Ultra high molecular weight polyethylene
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3.1 Thermoplastics

The molar mass influences, among other things, melt viscosity and therefore
processability. A low molar mass means a low melting temperature and a low
melt viscosity, therefore requiring lower processing pressures and lower mold
clamping pressures. Mold filling tends to be faster and more complete. On the
other hand, there is also a tendency to spew, necessitating additional reworking and
a return to higher clamping pressure settings.

The properties of low molecular thermoplastics tend towards:

e Low levels of strength and rigidity
e Lower levels of resilience
e Greater creep tendency under long-term loads

Chain branching may influence these qualities one way or the other, depending
for example on the crystallization tendency.

Very high levels of molar mass, for instance in ultrahigh molecular weight
polyethylene, significantly increase:

e Wear resistance
e Impact strength
e Form stability

In principle, a wide molar mass distribution (dispersity) has a similar effect:
High proportions of low molecular components soften the material and slide readily
against one another at higher temperatures, making for better processing quality and
poorer long-term material properties. On the other hand, close distribution with
high proportions of long-chained components makes for poorer processing quality
and improves the long-term material properties.

The degree of branching has a considerable influence on the crystallinity of
the molecular structures as well as a pronounced impact on the mechanical and
transport-related properties of plastics (permeation). High impact strength with
a high degree of branching is a potential result. On the other hand, the
fusing temperature and glass transition temperature (cold impact strength) drop
noticeably.

The influence of facticity on polypropylene in particular is covered in Table 1.
A 95 % level of isotactic polypropylene resulting from metallocene catalysts raises
many properties to the desired level of technical versatility.

Residual monomers or residues from polymerization may be harmful to health
(e.g., vinyl chloride from PVC) or alter technical properties, for example residues of
emulsifiers that reduce the insulating quality of PVC cabling. Solvent residues
(diesel oil, toluene, etc.) from precipitation polymerization migrate over a period
of years following implantation, albeit in the microgram range, from joint endo-
prostheses such as hip acetabula into body tissues.
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3.2 Duroplastics

The degree of cross-linking significantly influences the glass transition temperature
and the deterioration of properties in the main softening range. As the degree of
cross-linking rises, strength and rigidity increase, whereas elongation capacity
decreases.

For example, disc brake linings are cross-linked step-by-step with phenol resin and
elastomeric binder in complex curing processes lasting approx. 20 h at temperatures
as high as 250 °C.

The width of the molecular network mesh (sequence length) plays a central role in
copolymerization (thermoplastics and elastomers/duroplastics) and determines
material properties during elastic deformation.

Low molecular components are evaluated critically when considering in partic-
ular long-term applications in interiors (automobiles, living quarters), since they
tend to give off emissions.

Shrinkage/memory effect: What is usually meant by the term shrinkage is the
actual contraction of the volume, for instance due to increased packing density of
the macromolecules as a result of crystallization or cross-linking.

Shrinkage therefore implies an actual reduction in part volume, as well as a
change in dimensions, whereas the form is preserved (v # const).

The memory effect, on the other hand, is defined as a retraction or “relaxation” of
oriented macromolecules, usually at raised temperatures. The length is decreased
and the cross-section increased (v = const).

Example: When a deep-drawn cup made of PS or polypropylene is placed in an
oven, it is warped (PS at approx. 120 °C, PP at approx. 160 °C) and returns to the
form of the plate from which it was originally molded.

The volume of plastic remains unchanged, but the form and dimensions are
changed completely.
Three types of shrinkage are differentiated:

e Synthesis shrinkage,
e Processing shrinkage, and
e Aftershrinkage.

The polymer always has a greater density than the monomer, i.e., the volume
shrinks during polymerization.

In practice, shrinkage is often used as a parameter for reaction yield.

Low shrink (LS) and low profile (LP) systems have been developed over the past 20
years for large-surface parts in car bodies such as bumpers, trunk lids, doors,
fenders, etc.

LS and LP systems are obtained by dissolving suitable thermoplastics in the UP?
starting resin. They show finely distributed precipitation during the curing reaction,
since the added thermoplastics apparently dissolve in the styrene monomer, but not

2 Unsaturated polyester.



Synthesis (Manufacture, Production) of Plastics 37

in the PS being produced. The precipitated thermoplastic particles contain mono-
meric styrene that shows a delayed reaction, generating fine bubbles due to evapo-
ration caused by the reaction temperature. These bubbles compensate the shrinkage
and press the surface of the molded part being formed against the molding tool wall,
see also Sect. 5.1 in chapter “Properties of Plastics in Structural Components.”

The LP system contains so much thermoplastic that uniform dyeing of the mass
is no longer feasible. It can, however, be painted (e.g., like a car body).

3.3 Elastomers

Schobert et al. [7], in a critical appraisal of the range of raw materials used in the
rubber industry [8], revealed the following qualitative limitations ([7]; see also [9]).

Polymers: Aspects that must be taken into account include potential monomer
content, impurities deriving from the production process and stabilizers added
during production.

Antioxidants: These substances are absolutely essential from the point of view of
the functionality and useful life of elastomer products, for which reason they are
irreplaceable despite the fact that almost all groups are potentially harmful to skin
and mucosa. (Cause of most of the allergies observed in the rubber industry. The
problem can be managed by means of “hygienic measures”).

Fillers: The discussion on carbon black toxicity resulting from surface-adsorbed
polycycles has now abated for the most part since animal trial models did not reveal
any reactions. The risk represented by inhaled black and light-colored filler parti-
cles is controlled by limiting air dust content, whereby asbestos and talcum types
containing asbestos must be mentioned here.

Plasticizers: The important thing here is that although aromatic mineral oils do
contain a certain amount of polycycles requiring hygienic measures, substitute
product development has been ongoing. Some of the synthetic products (e.g.,
DOP, DOA, DBP, DOS, and phosphates) are also controversial.

Processing Agents: The situation with these agents is analogous to the aromatic
plasticizers: Attention must be directed to the aromatic hydrocarbon resins and to
the components resorcin and formaldehyde, with their enhancing effects on adhe-
sion to structural elements, as well as to isocyanates and some peptizers.

Pigments, blowing agents: The organic pigments now in preferred use are
harmless compared to the inorganic pigments used previously (mainly metal oxides
or sulfides). Most blowing agents used in production of expanded products require
careful handling.

Activators: These inorganic oxides can cause mucosal irritations. Their concen-
tration levels in waste air are subject to the TA Luft (German airborne emissions
standards). In this connection, the frequently used stearates and substances such as
triethanolamine and diethylene glycol must be carefully dosed and handled.
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Cross-linking agents: Only ground sulfur, still in frequent use, is comparatively
harmless. Most of the sulfur donors and organic peroxides used must be viewed
critically as potentially harmful to skin and eye mucosa.

Vulcanization accelerators: None of these chemical substances can be categor-
ized as absolutely harmless. Most of them are potential skin and mucosa irritants.
The thioureas are particularly critical in this sense. Most of the thiuram products
and dithiocarbamates are problematical with regard to nitrosamines, which will be
addressed in greater detail in chapter 7.3.

Antiscorching agents: Here as well, hygienic measures must be realized to
prevent, or at least drastically reduce, negative effects.

Solvents: Solvents must be included in this list due to their widespread use in the
rubber industry. The concentration limits applying to most solvents have been
lowered over time. Products containing halogens and lower-boiling aromatics are
now no longer used.

Overall, it can be stated that the published body of knowledge concerning the
risks to workers in the rubber industry has grown significantly in recent years based
on animal experiments and epidemiological studies. Occupational protection and
hygiene measures have now been developed to address most of the remaining
problems effectively.

Here is a current to-do list of measures for the industry:

¢ Replacement of hazardous materials with less hazardous ones;

¢ Engineering changes that reduce or prevent human contact with these chemicals;

¢ Binding of dust, gases, and vapors by means of encapsulation of facilities,
extraction, granulation, pasting, etc.;

e Compliance with regulations, occupational hygiene limits and industrial safety
measures in general;

e Personal cleanliness of all staff members to minimize contact with chemicals;

¢ Intensification of toxicological research on rubber chemicals with subsequent
modification of the substances used so as to reduce risks;

e Development of new products with reduced toxicity levels;

* Product safety data sheets/standard operating procedures providing information
on the risks involved and safety measures required in use of specific substances;

¢ Intensified worker health monitoring within the framework of occupational
medicine [8].

4 Plastics Production (Process Engineering) [1, 3]

4.1 General Aspects of Plastics Production

The production of plastics is always an industrial process. For mass-produced
plastics such as polyethylene, polypropylene, PS or PVC, production is carried
out in facilities with per annum capacities of several hundred thousand tons.
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A production plant often encompasses several such facilities, one next to the other,
amounting to a total annual production plant capacity exceeding 500,000 tons.
In Germany alone, approximately 20 million tons of plastics were produced in the
year 2008.

Large-scale plastic production facilities are in continuous operation. The plastic
produced is thus continuously removed from the reactor and replaced with new
monomer. Unconverted monomer, catalyst, radical generating agents (initiators),
and possibly solvents as well, are separated out of the plastic product and recycled
into the process. Quality control is practiced throughout the process, i.e., to main-
tain constant settings of average chain length, chain length distribution, and degree
of branching (see [3]).

In most cases, each facility is responsible for only a few specific reaction steps.
Polyethylene or polypropylene production facilities are supplied with the monomer
material, from which they then produce the plastic in a single reaction step. In PS
and PET production, a few additional steps are required to produce the monomer.
The technical “know-how” covers the chemical structure of the polymer molecules,
the catalysts, and the process engineering. The end result is comprised of high-
performance materials with specifically engineered application properties. For
instance, PS types are produced that are either highly transparent (clear as glass)
or particularly impact resistant.

4.2 Plastics Production: Example of PS: Technical Process [1]

Plastics are produced in large-scale technical processes. PS, for example, is made
from the basic chemicals benzole and ethene, Fig. 8.

Benzole and ethene are transferred to a reaction vessel, in which ethyl benzole is
produced at 85-95°C and normal pressure. In the downstream section of the
facility, this substance is then dehydrated to make styrene, which is collected in a
storage tank.

The styrene is transferred from the storage tank into a water-cooled reaction
vessel. Following the addition of water and additives, it is polymerized to make PS
while being mixed constantly (emulsion polymerization, see Table 2). The reaction
mixture is then drained into a cooling vat, from where it enters a centrifuge in which
water, residual monomer and additives are separated out. The pure PS, obtained in
powder form, then requires only drying.

PS is one of the most important mass-produced plastics. It has been produced on
an industrial scale since 1930. Not knowing what he had discovered, E. Simon
described PS as early as 1839 as a solid mass produced from styrene when heated.
Some time later, M. Bertolet realized that the process involved was polymerization.
The first patent for production of PS was awarded to Englishman F. E. Matthews
in 1911. The first technically efficient production method, Staudinger thermal
polymerization, was developed in 1929.
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At 85-95°C and normal pressure Additives
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Cooling

ETHYLBENZOLE

Polymerisation

e

Cooling

water
Dehydration

[ \

STYRENE

STYRENE

Drainage of water
with additives

Fig. 8 Example: polystyrene engineering process [1]

In contrast to alkylation of benzole, dehydration of ethyl benzole is endothermic.
This process is carried out at high temperatures of 550-600°C by means of
heterocatalysis. The resulting styrene, to which a polymerization inhibitor has
been added, is then vacuum-distilled before further processing. This complex
purification procedure is made necessary by the close proximity of the boiling
points of ethyl benzole and styrene.

PS is polymerized in very large-scale facilities with yield volumes of several
thousand tons per year. PS in the form of small beads is obtained from a mixture of
water and styrene and must then still be separated from water, initiator, protective
colloids, residual monomer and catalyst, Fig. 8.

PS is glass-clear with a light transmittance level in the visible range of 90 %. The
material is hard, dimensionally stable, relatively brittle, and provides smooth, high-
quality surfaces when processed. PS is tasteless and odorless and suitable for
contact with foods in every respect. Every other C atom of the PS molecule bears
a phenyl pendant group extending either to the right or left of the chain. The
distribution of these rings is accidental in technical, or atactic PS. The irregularly
arranged phenyl pendant groups are bulky. No crystallization takes place.
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The styrene molecules form irregular tangles that can only be “untangled” by
application of high levels of energy. This explains the high softening temperature
for an amorphous plastic of nearly 100 °C. It also explains the high light transmit-
tance of PS: No semicrystalline structures form that would disperse the light.

In a facility scheme that appears quite complex, only a few formulae suffice to
illustrate where in the system the few chemical reactions take place. Often, poly-
mers are produced on the basis of monomers as delivered without further chemical
transformations. The monomer is supplied by a large petrochemical plant located
many kilometers away near a refinery. Ethylene is transported in Europe in a special
pipeline along the Rhine. Propylene and other raw materials for polymerization
processes are transported in tanks by road, rail, and ship.

In the case of PS, ethylene and benzole from petrochemical plants are converted
into styrene in only two steps. Purification of the intermediate products to achieve
high molar masses accounts for most of the technical effort and expenditure
required.

Every impurity in a polymerization process results in low molecular products,
for which reason considerable time and effort goes into purification of the mono-
mers.

The removal of water from the reaction mixture requires application of much
greater levels of energy consumption and separation technology. Re-esterification
of the methanol ester with glycol makes it easier to separate the methanol.
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Properties of Plastics in Structural Components
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Abstract The properties of plastics are discussed and summarized, sometimes in
comparison with metals and other materials. The temperature and time dependence
of the properties related to the polymer structure (thermoplastics, elastomers,
thermoplastic elastomers, thermosets, and fiber-reinforced plastics) are dealt with.
Additives are discussed in a separate section, Sect. 6 because of the importance
of these factors for the use of environmentally friendly plastics.
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1 Introduction

As is the case with all structural materials, users are most interested in the properties
a material exhibits in the useful structural component made from it, i.e., subsequent
to design, construction, processing, production, and surface finishing.

In addition to material factors such as chemical, physical and technical structure
and factors related to production (in the case of plastics: synthesis), processing
methods including tooling and design engineering may change the properties of the
resulting structural component in highly significant and specific ways. Figures 4
and 7 in the Chapter “Processing (Primary Forming) of Plastics Into Structural
Components” illustrate this in addition to other factors that act upon the structural
component externally and may also influence its properties in decisive ways [1].

These considerations apply in principle to all materials. Here we will of course
focus on plastics and include data on metals for comparative purposes.

2 Structure of Plastics

Engineers considering plastics applications generally have a good knowledge of
metals, so we present some comparative data on metals and plastics in this section.
Whereas the structure of a metal is determined at the atomic level, plastic structures
are molecular [81] and [107].

The metallic lattice consists of positive ions, whereby the valence electrons
move around freely within it similarly to a gas (electron gas). The resulting
negative spatial charge produces a force (metallic bond) that is greater than the
repulsive force between the ions. The bonding energy between, for example, iron
atoms is about 395 kJ mol ! [2, 3].

In contrast to the metallic bond between atoms (metallic crystal lattice), the
properties of plastics are determined by the covalent bond (primary valence bond)
and intermolecular bond (secondary valence bond).

The covalent atomic bond is a result of electron pairing, i.e., the equal probabil-
ity that certain electrons will be found in several different atoms. Carbon, C, and
silicon, Si, are capable of forming crystalline lattices based on shared valence
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electrons, examples being diamonds and quartz. However, by means of saturation
of two of the four valence “arms” of carbon and silicon, the molecular chains that
provide the basic framework of plastics can also be formed, either in chains
(aliphatic) or rings (aromatic).

H
\ o /
| | C=C_
NN NN
el s R » -
| | | / \
aliphatic aromatic

Table 1 lists a number of the important bonding partners, distances and energy
levels for plastics, from which properties of the resulting solids can be derived in
qualitative terms.

For example, the bond length of two carbon atoms is shorter, and the bond energy
that much greater, in a ring than in a chain. Therefore, ring compounds show, for
instance, greater thermal stability than linear chains of molecules, whereby steric
inhibition also plays a major role. Another example is the C—F bond compared to the
C—C bond. The greater bond energy in C—F results in the high levels of thermal and
chemical stability of polytetrafluoroethylene (PTFE).

In addition to the primary bonding forces at work in the molecular chain between
C or Si or intercalary atoms (heteroatoms), the intermolecular bonding forces are
important determinant factors in the properties of plastics. In general, only weak
attractive forces due to molecular polarization are active between covalently
bonded molecular chains.

Table 1 Bond energy levels and lengths for covalently bonded atoms [4]

Example Bonding partners Bonding Bonding energy Remarks
distance [nm] [kJ mol™!]
/ C-C (aliphatic = 0.154 approx. 350 <JCCC109° £ 2°
"H HT chain)
1| C-C (aromatic = 0.140 approx. 560 <JCCC124° £+ 2°
TC—C ring)
}'_l 'H C=C 0.135 610 no rotability
- -n c=C 0.120 832 no rotability
_ - C-H 0.109 413 <JCCC107° + 4°
| C-O0 0.143 351 ready rotability
rC—C- C=0 0.122 708
L] C-N 0.147 293
PPl ca 0.177 339
C-F 0.131 485
N-H 0.102 389
Si-O 0.164 444 ready rotability
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The intermolecular bonding forces are highly dependent on temperature and
bond length and are as a rule less than 12 kJ mol . The ratio of the secondary
bonding force Bg to the primary bonding force Bp is approx.

BS :Bp =~ 1/20 to 1/100

The results in terms of general properties of plastics are

¢ Highly direction-dependent properties in materials with oriented macromolecules
e A high level of temperature dependence

¢ A high level of time dependence

¢ A high level of dependence of the material properties on the load applied.

2.1 Chemical Degrees of Order

The chemical and physical structure of plastics, and their resulting properties, can
be described by the terms constitution, conformation, and configuration.

The atom-based chemical structural principle of a molecule (constitution) is
described by the following typology:

e Type and linkage of atoms in the basic molecular chain

T ik
Polyethylene (PE) (.l“,—Cll or ?1—0 Polysiloxane (SI)
H H CHs
n n

e Type of end groups and substituents
T 1 1
Polystyrene (PS) c—C or (ll—(|3 Polyvinyl alcohol (PVA)
H

[
H @ OH
n n
e Type and length of branches

e Molar mass and its distribution
¢ Insertion of foreign atoms or molecules

The configuration designates the spatial arrangement of the atoms and groups of
atoms in molecules of the same constitution, for example the tacticity of the CH;
group in polypropylene (Fig. 1).

In the process of polymer synthesis as described above, the CH; groups are
arranged alternately at front and back, thus achieving a higher degree of order of the
macromolecular chains (crystallinity), resulting in greater strength and rigidity with
improved temperature stability.
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Fig. 1 Tacticity (configuration) of the CH; groups in polypropylene

Conformation designates the spatial structure assumed by macromolecules of the
same configuration by means of rotation about their bond axes. The schematic
drawing shows this in frontal and lateral views of two macromolecule chains

cC ¢ ¢C
C/:/\C/\/\f\
2.1.1 Influence of Linkage Types Within the Basic Molecular Chains
on Properties

Table 2 shows examples of different types of linkage (insertion of heteroatoms) in
the basic molecular chain of plastics.

The connection between the altered basic molecular chain and macroscopic
properties is explained using the example of a polyamide structure. Polyamides
are nitrogenous thermoplastics the base units of which (CH,) are interlinked by
carboxylic acid amide groups (short form: amide groups).

'T'
O

Production is realized by means of condensation polymerization (polycondensate).
Two groups are differentiated:

(a) The group of amino acid types, also known as lactams (one base unir)
(b) Polyamides of the aliphatic diamino—dicarboxylic acid type (two base units)

The chemical structural formulae of different polyamides as shown below (PA 6
and PA 11 as examples of type (a) one base unit; PA 6.6 as an example of type (b)
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Table 2 Linkage types of atoms in the basic molecular chain [4]

Bond type Structural symbol Example of
Synthetic Natural macromolecules
macromolecules
Carbon bonds _C- C _ Polyolefins, vinyl, Rubber Guttapercha
! styrene, acrylic
polymers
Esteric bonds (? ! Linear, saturated Nucleid acids
-C-0-C- polyesters
Amide bonds C|} Polyamides Proteins, wool, silk
~C-N-
H
Etheric bonds _C-D- CI _ Polyoxymethylene Polysaccharides,
(acetal bonds) ! (polyethylene oxide) cellulose, starch,
glycogen
Urethane bonds (..) Polyurethane (TPU)
-0-C=-N-
H

two base units) illustrates their structures comprising CH, groups of varying length
with interspersed NHCO groups. The nomenclature refers to the number of C atoms
between the N atoms.

Structure of aliphatic polyamides
a) Amino acids or lactams

PA & B = | Number of C-Atoms
l?i between the N atoms
TN—(CH,); —CNi—(CH,); —.
H H:
L dn” 5+1=6
PAIT [ :Oq'_
TH.
__'Tl (CH2)]0—:_C_:::I\|.IE—(CH2)]G_
H Hi
& Jn 10+1=11
PA 6.6 o o
I I
TN=(CH,) = N—C—(CH,), —C
H H Gand(d4+2)=66

el n
s RN r

diamino acid dicarboxylic acid
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The NHCO groups of adjacent polyamide molecules form so-called hydrogen
bridges with the hydrogen atom on the nitrogen and nearby oxygen atoms on the C.
They possess two to three times the strength of normal intermolecular bonds.

Table 3 illustrates the consequences of this in terms of material properties.

The more NHCO groups are contained per CH, group (or vice versa, the fewer
CH, groups there are per NHCO group) in the polyamide molecule, the higher the
melting temperature of the lactams (one base unit, e.g., 220 °C at PA 6), and the
greater the maximum water uptake, since NHCO exhibits a very high affinity to
H20.

The situation is similar with the diamino—dicarboxylic acid types (two base
units). Why is the melting temperature of PA 6.6 much higher than that of PA 6?
The macromolecule of PA 6.6 shows point symmetry if the symmetry point is
posited at the center of a monomer unit. Short-range order hydrogen bridges were
already able to form with a high “hit quota” in the melt since the distances are
always right and will then be fixed in long-range order at crystallization.

The macromolecule of PA 6 is not symmetrical. Only if adjacent macromole-
cules assume the counter-direction will the distances be amenable to formation of
hydrogen bridges.

This is less frequently the case here than in the point-symmetrical PA 6.6, so that
PA 6 shows a lower degree of crystallization, and a lower modulus of elasticity,
than PA 6.6.

Another example of the influence of the molecular chain structure (conforma-
tion) on the properties of plastic materials is polyamide PA 4.6. As a polymer, its
structure is less regular than, for example, that of PA 6. These “inhomogeneous”
molecular chains result in a low degree of crystallization, but at the same time a
higher level of impact strength. The molar mass has a similar effect: The higher the
molar mass, the greater the impact strength ay.

For example: PA 6 normal a;, = 65 kJ m >

PA 6 higher molecular @, = 100 kJ m >

The influence of the structure of the macromolecular chain is demonstrated by
the following presentation of aromatic polyamides, carbon fibers, and graphite.

Table 3 Aliphatic polyamide nomenclature [4]

PA type Structural formula Density ~ Number Melting  Max. water

[g cm ] of CH,- point [°C] uptake in %
groups by mass

PA 6 +NH(CH,)sCO+ ... (5+1=6) 1.14 5 220 10

PA 1l  {NH(CH),o(CO+...(10+1=11) 1.04 10 190 2

PA 12 {NH(CH,);;CO+}...(114+1=12) 1.02 11 170 1.7

PA 6.6 +{NH(CH,)sCO—CO(CH,),—CO+ 1.15 5 265 8.5

...(6and (4 + 2) = 6.6)
PA 6.10 {+NH(CH,)sCO—CO(CH,)s—CO+ 1.08 7 average 226 3.5

... (6and (8 +2) = 6.10) 618
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The more ring structures are integrated in a molecular chain, in graphite the ring
structure only, the higher the glass transition temperature T,. In other words: the
less mobile (the more rigid) the molecular chains become, the greater the high-
temperature stability of the material (Tables 4 and 5).

Linear polyurethanes (TPU) have a structure very similar to that of polyamides.

urethane group

1
—N—C— ..
I
H

~(CH,),

As with polyoxymethylene (POM), see Table 6 and polyethylene terephthalate
(PET), the oxygen atom (heteroatom) has a sort of hinge effect within the molecular
chain. Generally speaking an oxygen atom in the chain lowers the glass transition
point T, but also enhances th