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I stand at the seashore, alone, and start to think. ..

There are the rushing

waves mountains of molecules

each stupidly minding its own business
trillions apart

yet forming white surf in unison.

Ages on ages before

any eyes could see

year after year

thunderously pounding the shore as now.
For whom, for what?

On a dead planet

with no life to entertain.

Never at rest

tortured by energy

wasted prodigiously by the sun
poured into space.

A mite makes the sea roar.

Deep in the sea

all molecules repeat

the pattern of one another

till complex new ones are formed.
They make others like themselves
and a new dance starts.

Growing in size and complexity
living things

masses of atoms

DNA, protein

dancing a pattern ever more intricate.

Out of the cradle

onto dry land

here it is

standing:

atoms with consciousness;
matter with curiosity.

Stands at the sea,
wonders at wondering: I
a universe of atoms

an atom in the universe.

Richard P. Feynman (1955)



This book is intended for those who work on practical problems in the field of polymers
and who are in need of orienting numerical information on polymer properties; for the
organic chemist who is faced with the task of synthesizing new polymers and wonders
if the structures he wants to realize will actually have the properties he has as a target; for
the chemical engineer who is often forced to execute his designs without having enough
data at his disposal and who looks in vain for numerical values of the quantities needed
under the conditions of the process; for the polymer processer who tries to predict and
understand how certain physical parameters will react to changes in process conditions;
for the polymer technologist who tries to a get a better insight into the interrelations of
the many disciplines in his branch; and finally for all students who are interested in the
correlation between chemical structure and properties and in the mutual relation of
the properties.

With the chemical constitution as the basis, our aim has consistently been to show that
each functional group in the molecular structure actually performs a function that is
reflected in all properties. Ample use has been made of the empirical fact that a number
of quantities and combinations of quantities have additive properties — within certain
limits of precision - so that these quantities can be calculated in a simple manner from
empirically derived group contributions or increments. Many readers will be surprised to
see how far one can get by setting out from this simple starting point.

Theoretical expositions have purposely been omitted, except where some elucidation is
indispensable for a proper understanding of quantities that are less widely known.

It follows that this book has not been written for the polymer scientist proper, notably
the polymer physicist and physical chemist, its design being too empirical for him and too
much directed to practice. In this book the expert will find no data that are not available
elsewhere. Many experts may even have great objections, some of them justified, to the
design of this book and its approach.

Unfortunately, the gap between polymer scientists and practicians is not narrowing
but constantly widening. The work in the field of polymer science is becoming increas-
ingly sophisticated, in the experimental as well as in the theoretical disciplines.

This book is meant to be a modest contribution towards narrowing the gap between
polymer science and polymer practice. Time will have to show whether this attempt has
been successful.

vii



On its appearance this book was given such a good welcome that a second edition proved
to be necessary within four years. For this purpose the book was completely revised,
updated and considerably extended. The scope of the chapters dealing with the mechani-
cal and rheological properties was much enlarged, as where the sections discussing
polymer solutions. An improved system for the assessment of the transition temperatures
was introduced. SI units are used throughout the book.

While the first impression confined itself to the intrinsic properties, the second edition
also covers the processing and product properties, if to a limited extent and on a selective
basis.



Fourteen years passed since the second edition of this book appeared. Since then four new
prints were made. As a source of data and for estimations it is now widely used all over the
world.

The present Third Edition required a thorough revision and updating, and conse-
quently a certain extension.

The existing subdivision of the book in seven Parts and 27 Chapters remained the
same, with one exception: chapter 14. This deals now with a new subject: the Acoustic
Properties; its original subject, properties of oriented polymers, is now divided over the
chapters 13 and 19.

xi



In the year 2000, Dr Kostas Marinakis, senior acquisitions editor at Elsevier, asked my
father to consider the preparation of a revised edition of his Properties of Polymers, the
handbook that was first published in 1972 and later revised by him twice, in 1976 and in
1990. The proposal pleased him greatly, as this book was still very dear to him.

The unorthodox, practice oriented set-up which he had chosen for the book, by arran-
ging the research findings according to properties, while giving prominence to predict-
ability of properties on the basis of chemical structures, had been very productive and
successful. During his long career as a chemical scholar working in industrial research and
management, my father had always dedicated himself to bridging technological practice
with scientific research, and to combining the insights of all relevant sub-specialties of
science and technology.

His other well-known handbook, Coal (Elsevier 1961, 1993: 3" Edition) - fruit of the
first twenty years of his professional career - is another clear example of his comprehen-
sive and nearly encyclopaedic approach. He was very much aware of the fact that he still
belonged to the generation of classic science authors who aimed at a broad, systematic,
coherent presentation of the subject matter. He once said to me that in the future such
handbooks like Coal and Properties of Polymers would not be written anymore by a single
person, assuming that there would still be any need for such books in the digital era. Not
without nostalgia, he spoke about the things that he had helped to build up, and that had
disappeared under his eyes. The glorious coal research activities of DSM, where he had
worked from 1940 till 1959, had completely vanished, and the same was true for the
innovative research into polymers of AKZO, his pride from 1960 till his retirement in
1976. His two successful handbooks are the only witnesses of those exciting periods of his
scholarly life.

The idea that Properties of Polymers would get a new life cycle pleased my father
immensely therefore, although he was very much aware that he would not be capable to
achieve such a huge task alone at the age of 86 years. So he decided to look for a co-author
and consulted some of his professional friends. One of them, Dr. Ger Challa, former
professor in polymer chemistry at Groningen University, suggested Dr. Ir. Klaas te
Nijenhuis to him as a possible co-author. Te Nijenhuis was at that time associate-professor
at Delft University of Technology, where he had specialized in polymers.

Te Nijenhuis and my father got very well together, and they agreed to co-operate as
soon as possible in the revision of the book. Te Nijenhuis would retire from the university
by the end of 2003, so from then on he would have sufficient time to work on his share of
the revision. On the 3™ of September 2001, the joint publishing agreement with Elsevier
was signed.

Eight days later, however, on the catastrophic 11" of September, my father was struck
by a bad brain haemorrhage from which he did not recover. He died on 27" of October
2001.

In the hard weeks of his suffering, he clung to the few moments of hope and joy. Such a
moment was the visit of Klaas te Nijenhuis. They discussed the intended revision
of Properties of Polymers, and Te Nijenhuis told him that in the mean time he also had
signed the contract and he promised my father that the 4™ edition would be prepared

xiii



Xiv Introduction of the Present Author

by him anyway. In the face of death, my father was utterly happy to know that his book
would survive.

Dr. te Nijenhuis has kept his word, and he has even managed to do the enormous
job alone - brushing aside the sceptical remark of my father that after him nobody could
or would do such a thing alone. I want to express my deep gratitude to Dr. te Nijenhuis,
also on behalf of my sister Irene and my brothers Hans and Frits, for his marvellous
achievement. May this 4™ edition of Properties of Polymers find its way to many readers
and users!

Laurens van Krevelen, LL M Bloemendaal, The Netherlands
August 2008



Eighteen years have passed since the third edition of this book appeared. Since then it has
been reprinted twice and has appeared in a paperback edition (1977). As a source of data
and estimations it is still widely used all over the world.

In the early 2000’s there was a feeling within “Polymer-The Netherlands” that a revised
edition of “PROPERTIES OF POLYMERS” was needed. This was already preceded by a
suggestion from Elsevier Science B.V. to Prof. Van Krevelen to consider the preparation of
a revised edition of his book. However, because of his age Prof.Van Krevelen did not feel
capable of doing all the effort for the preparation of a new edition alone. For that reason he
invited me in May 2001 to cooperate in the preparation of the fourth edition. I accepted this
honourable invitation hesitantly, knowing that it would be a tremendous amount of work.
Our joint discussions with Elsevier Science B.V. resulted in a contract that was signed in
the autumn of 2001. Prof. Van Krevelen would support me with his fabulous amount of
knowledge and experience. Unfortunately, this was not to be, because on 27" of October of
the same year he passed away after a brief illness. I will never forget his radiant face when
I told him, visiting him in the hospital on 4™ of October, together with his son Laurens, that
I also had signed the Elsevier contract. Anyhow, I now had to do the work alone and,
indeed, it appeared to be a long and lonesome activity. But the mere thought of his radiant
face in all his distress, proved to be a stimulus not only to start, but in particular also to
continue this huge task.

The present Fourth Edition has been updated and also, when necessary, extended.
However, I did not take the opportunity to change the plan of the book: the existing
subdivision of the book in seven parts and 27 Chapters has not been changed.
The following shows where small changes were made or where the text was extended
greatly.

Part]  General Introduction: A bird’s-eye view of polymer science and engineering. Chapter 1,
dealing with approach and objectives of polymer properties, remained almost
unchanged. In Chapter 2, where the typology of polymers is discussed, the
milestones (Appendix I) are extended and updated, Nobel prize winners
concerning Polymers are added and the development of commercial polymers
(Appendix II) is updated. In Chapter 3, where the typology of properties is
discussed, only small changes and extensions are made.

Part I Thermophysical properties of polymers. In Chapters 4 and 5, that deal with volu-
metric properties and calorimetric properties, respectively, only marginal
extensions are made. In Chapter 6, on transition temperatures, more attention
is paid to the thermodynamics of the glass-rubber-transition. Moreover, the
treatment of the calculation of the melting temperature of polymer families
with two functional groups in the repeating units is changed in such a way
that the agreement between calculated and experimental melting temperatures
is better. In Chapter 7, on cohesive properties and solubility, the solubility
parameter is compared with the Flory Huggins interaction parameter. Further,
temperature dependence of the solubility parameter and the solubility parame-
ter of solvent mixtures are added. In Chapter 8, on interfacial energy properties,

XV
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a correction term in the equations for the surface energy and more refined
approaches of surface energy contributions with the aid of Lifschitz-Van der
Waals interactions are added. In Chapter 9, on conformation aspects and
conformation statistics, the Kuhn length, the persistence length and the worm-
like chain are added. More attention is paid to the limiting viscosity number of
branched polymers and in particular of polyelectrolytes.

Properties of polymers in fields of force. In Chapter 10, on optical properties, much
more attention is paid to reflection and transmission of light. Chapter 11, on
electrical properties, is greatly extended with the relationships between the
dielectric constant and (1) polarization and (2) refractive index and with Debye
relaxation. Some attention is paid to Thermally Stimulated Discharge (TSD)
and electrets. Also electric conductivity, doping of polymers and non-linear
optics are greatly extended. In Chapter 12, on magnetic properties, the intro-
duction of magnetism is extended. The introduction of the NMR phenomenon
is greatly extended, just as the detection of NMR and the relaxation mechan-
isms (spin-lattice and spin-spin). Chapter 13, on mechanical properties, still the
most important class of polymer properties, is extended greatly, in particular
the subchapters Rubber elasticity, Viscoelasticity, Ultimate mechanical proper-
ties and Mechanical properties of uniaxially oriented polymers (fibres). In
Chapter 14, on acoustic properties, the dependence of sound speed on various
parameters is extended.

Transport properties of polymers. Chapter 15, on rheological properties of poly-
mer melts, is greatly extended, in particular the subchapters Modes of defor-
mation and definition of viscosity, Newtonian shear viscosity of polymer
melts, Non-Newtonian shear viscosity and first normal stress coefficient of
polymer melts, Extensional viscosity of polymer melts, Elastic effects in poly-
mer melts and Rheological properties of thermotropic liquid crystalline poly-
mers. Also Chapter 16, on rheological properties of polymer solutions, is
extended quite greatly, in particular the subchapters Viscoelastic properties
of polymer solutions in steady shear flow, Extensional flow of polymer solu-
tions and Solutions of lyotropic liquid crystalline polymers. In Chapters 17 and
18, on transport of heat and mass, respectively, the introduction of thermal
transport and permeability is extended slightly. In Chapter 19, on crystalliza-
tion and recrystallization, the Avrami equation and the Critical size of crystal
nuclei are paid more attention to. The subsection Aspects of structure forma-
tion in processing is completely revised. In the subchapter Crystallization
phenomena in uniaxial drawing: fibre spinning, several smaller parts are
extended.

Properties determining the chemical stability and breakdown of polymers. In Chapter
20, on thermomechanical properties, some thermodynamics of the reaction
from monomer to polymer are added, included the ceiling and floor tempera-
tures of polymerization. Chapters 21 and 22, on thermal decomposition and
chemical degradation, respectively, needed only slight extensions.

Polymer properties as an integral concept. Chapter 24, on processing properties, is
extended slightly. Chapter 25, on mechanical product properties, remained
almost unchanged. The three subchapters of Chapter 26, on environmental
product properties, are extended quite greatly. Chapter 27 on examples of end
use properties remained unchanged.

Comprehensive tables Only marginal changes are made.
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The Bibliographies of the chapters are updated and extended greatly.

I sincerely hope that also this “fourth” edition of “PROPERTIES OF POLYMERS” will
find (following the preface to the third edition) "a good acceptance in the polymer world
and that it will prove a useful guide and aid to many users", notwithstanding that
the present author is not the well-known Prof. D.W. van Krevelen, but somebody
who attended many of his various lectures on “PROPERTIES OF POLYMERS” at Delft
University of Technology.

K. te Nijenhuis Dronten, The Netherlands
August, 2008



This edition of PROPERTIES OF POLYMERS would not have been appeared as such,
without the assistance of a number of scientists, each with her or his expertise.

In particular I have to mention Dr.H.Boerstoel (Teijin, Arnhem), Prof. A .D. Gotsis
(Crete, Greece), Prof. H. Janeschitz-Kriegl (Linz, Austria), Dr. M. G. Northolt (formerly
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