‘Volume Editor H.-H.Kausch

Intrinsic

Molecular Mobility
and Toughness of
Polymers ||

|pringer



0631
Iél

vl Intrmsu: Molecular Mobility and Toughness
of Polymers Il

Volume Editor: Hans-Henning Kausch

With contributions by

V. Altstdadt - M. C. Baietto-Dubourg - C.-M. Chan - A. Chateauminois
R. Estevez - E. Van der Giessen - C. Grein - L. Li

LR

E200600950

@ Springer



The series Advances in Polymer Science presents critical reviews of the present and future trends in
polymer and biopolymer science including chemistry, physical chemistry, physics and material science.
It is adressed to all scientists at universities and in industry who wish to keep abreast of advances in

the topics covered. ) )
As a rule, contributions are specially commissioned. The editors and publishers will, however, always
be pleased to receive suggestions and supplementary information. Papers are accepted for Advances in

Polymer Science in English. '
In references Advances in Polymer Science is abbreviated Adv Polym Sci and is cited as a journal.

Springer WWW home page: http://www.springeronline.com
Visit the APS content at http://www.springerlink.com/

Library of Congress Control Number: 2005926289

ISSN 0065-3195

ISBN-10 3-540-26162-1 Springer Berlin Heidelberg New York
ISBN-13 978-3-540-26162-9 Springer Berlin Heidelberg New York
DOI 10.1007/b136969

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, broad-
casting, 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 for prosecution under the German Copyright Law.

Springer is a part of Springer Science+Business Media
springeronline.com

(© Springer-Verlag Berlin Heidelberg 2005
Printed in Germany

The use of 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: Design & Production GmbH, Heidelberg
Typesetting and Production: LE-TgX Jelonek, Schmidt & Vckler GbR, Leipzig

Printed on acid-free paper 02/3141YL-543210



188
Advances in Polymer Science

Editorial Board:

A. Abe - A.-C. Albertsson : R. Duncan - K. Dusek - W. H. de Jeu
J.-F. Joanny - H.-H. Kausch - S. Kobayashi - K.-S. Lee - L. Leibler
T.E. Long - I. Manners - M. Méller - O. Nuyken - E. M. Terentjev
B. Voit - G. Wegner - U. Wiesner



Advances in Polymer Science

Recently Published and Forthcoming Volumes

Conformation-Dependent Design of Sequences
in Copolymers II

Volume Editor: Khokhlov, A. R.

Vol. 196, 2006

Conformation-Dependent Design of Sequences
in Copolymers I

Volume Editor: Khokhlov, A. R.

Vol. 195, 2006

Enzyme-Catalyzed Synthesis of Polymers
Volume Editors: Kobayashi, S., Ritter, H.,
Kaplan, D.

Vol. 194, 2006

Polymer Therapeutics II

Polymers as Drugs, Conjugates and Gene
Delivery Systems

Volume Editors: Satchi-Fainaro, R., Duncan, R.
Vol. 193, 2006

Polymer Therapeutics I

Polymers as Drugs, Conjugates and Gene
Delivery Systems

Volume Editors: Satchi-Fainaro, R., Duncan, R.
Vol. 192, 2006

Interphases and Mesophases in Polymer ¢
Crystallization III :
Volume Editor: Allegra, G.

Vol. 191, 2005

Block Copolymers IT
Volume Editor: Abetz, V.
Vol. 190, 2005

Block Copolymers I
Volume Editor: Abetz, V.
Vol. 189, 2005

Intrinsic Molecular Mobility and Toughness
of Polymers II

Volume Editor: Kausch, H.-H.

Vol. 188, 2005

Intrinsic Molecular Mobility and Toughness
of Polymers I

Volume Editor: Kausch, H.-H.

Vol. 187, 2005

Polysaccharides I

Structure, Characterization and Use
Volume Editor: Heinze, T.

Vol. 186, 2005

Advanced Computer Simulation
Approaches for Soft Matter Sciences II
Volume Editors: Holm, C., Kremer, K.
Vol. 185, 2005

Crosslinking in Materials Science
Vol. 184, 2005

Phase Behavior of Polymer Blends
Volume Editor: Freed, K.
Vol. 183, 2005

Polymer Analysis/Polymer Theory
Vol. 182, 2005

Interphases and Mesophases in Polymer
Crystallization II

Volupite.Editor: Allegra, G.

Vol. 181, 2005

Interphases a:nd Mesophases in Polymer
erstaﬂiza}ion I

Volume Editor: Allegra, G.

Vol. 180, 2005

Inorganic Polymeric Nanocomposites
and Membranes
Vol. 179, 2005

Polymeric and Inorganic Fibres
Vol. 178, 2005



Volume Editor

Prof. Dr. Hans-Henning Kausch

Ecole Polytechnique Fédérale de Lausanne
Science de Base

Station 6

1015 Lausanne, Switzerland
kausch.cully@bluewin.ch

Editorial Board

Prof. Akihiro Abe

Department of Industrial Chemistry
Tokyo Institute of Polytechnics

1583 Tiyama, Atsugi-shi 243-02, Japan
aabe@chem.t-kougei.ac.jp

Prof. A.-C. Albertsson

Department of Polymer Technology
The Royal Institute of Technology
10044 Stockholm, Sweden
aila@polymer.kth.se

Prof. Ruth Duncan

Welsh School of Pharmacy
Cardiff University
Redwood Building

King Edward VII Avenue
Cardiff CF 10 3XF

United Kingdom
duncan@cf.ac.uk

Prof. Karel Dusek

Institute of Macromolecular Chemistry,
Czech

Academy of Sciences of the Czech Republic
Heyrovsky Sq. 2

16206 Prague 6, Czech Republic
dusek@imc.cas.cz

Prof. Dr. W. H. de Jeu

FOM-Institute AMOLF

Kruislaan 407

1098 S] Amsterdam, The Netherlands
dejeu@amolf.nl

and Dutch Polymer Institute
Eindhoven University of Technology
PO Box 513

5600 MB Eindhoven, The Netherlands

Prof. Jean-Frangois Joanny

Physicochimie Curie

Institut Curie section recherche
26 rue d’Ulm

75248 Paris cedex 05, France
jean-francois.joanny@curie.fr

Prof. Dr. Hans-Henning Kausch

Ecole Polytechnique Fédérale de Lausanne
Science de Base

Station 6

1015 Lausanne, Switzerland
kausch.cully@bluewin.ch

Prof. S. Kobayashi

R & D Center for Bio-based Materials
Kyoto Institute of Technology
Matsugasaki, Sakyo-ku

Kyoto 606-8585, Japan
kobayash@kit.ac.jp



VI

Editorial Board

Prof. Kwang-Sup Lee

Department of Polymer Science &

Engineering

Hannam University

133 Ojung-Dong Taejon
300-791, Korea
kslee@mail. hannam.ac.krr

Prof. L. Leibler

Matiere Molle et Chimie

Ecole Supérieure de Physique
et Chimie Industrielles (ESPCI)
10 rue Vauquelin

75231 Paris Cedex 05, France
ludwik.leibler@espci.fr

Prof. Timothy E. Long

Department of Chemistry
and Research Institute
Virginia Tech

2110 Hahn Hall (0344)
Blacksburg, VA 24061, USA
telong@vt.edu

Prof. Ian Manners

School of Chemistry
University of Bristol
Cantock’s Close

BS8 1TS Bristol, UK
r.musgrave@bristol.ac.uk

Prof. Dr. Martin Moller

Deutsches Wollforschungsinstitut
an der RWTH Aachen e.V.
Pauwelsstrafle 8

52056 Aachen, Germany
moeller@dwi.rwth-aachen.de

Prof. Oskar Nuyken

Lehrstuhl fiir Makromolekulare Stoffe
TU Miinchen

Lichtenbergstr. 4

85747 Garching, Germany
oskar.nuyken@ch.tum.de

Dr. E. M. Terentjev

Cavendish Laboratory
Madingley Road
Cambridge CB 3 OHE
United Kingdom
emt1000@cam.ac.uk

Prof. Brigitte Voit

Institut fiir Polymerforschung Dresden
Hohe Strafle 6

01069 Dresden, Germany
voit@ipfdd.de

Prof. Gerhard Wegner

Max-Planck-Institut

fiir Polymerforschung
Ackermannweg 10

Postfach 3148

55128 Mainz, Germany
wegner@mpip-mainz.mpg.de

Prof. Ulrich Wiesner

Materials Science & Engineering
Cornell University

329 Bard Hall

Ithaca, NY 14853

USA

ubwl@cornell.edu



Advances in Polymer Science
Also Available Electronically

For all customers who have a standing order to Advances in Polymer Science,
we offer the electronic version via SpringerLink free of charge. Please contact
your librarian who can receive a password or free access to the full articles by
registering at:

springerlink.com

If you do not have a subscription, you can still view the tables of contents of the
volumes and the abstract of each article by going to the SpringerLink Home-
page, clicking on “Browse by Online Libraries”, then “Chemical Sciences”, and
finally choose Advances in Polymer Science.

You will find information about the

- Editorial Board

Aims and Scope
Instructions for Authors
Sample Contribution

at springeronline.com using the search function.



Preface

The enormous length of macromolecules and the low intra- and intermolec-
ular barriers opposing rotation and displacement of molecular groups or of
even longer segments are at the origin of the unique visco- and rubber-elastic
behaviour of polymer solids. Molecular mobility influences all phases of pro-
cessing and use of such materials. Thus segregation and phase separation in
the melt as well as structure development through crystallization depend on
chain dynamics. The same is true for most deformation mechanisms, sample
stiffness and ultimate properties such as toughness. Considerable progress
has been obtained in the last decade in the understanding of the mutual re-
lationship between the primary molecular parameters chain configuration,
architecture and molecular weight (MW) on the one hand, and the response
of a loaded entanglement network, the nature of the processes limiting stress
transfer and the resulting mode of mechanical breakdown on the other. In view
of the large technical importance of mechanical performance it seems to be
adequate to review this subject, the Intrinsic Molecular Mobility and Toughness
of Polymers.

In their introductory contribution Kausch and Michler discuss the elemen-
tary, time-dependent molecular deformation mechanisms, the competition
between them, and their influence on the different failure modes of thermo-
plastic polymers (crazing, creep, yielding and flow, fracture through crack
propagation). By establishing a micro-morphological model of polymer defor-
mation and durability the authors highlight the dual role of segmental jumps
and displacements to improve toughness by energy dissipation and relaxation
of critical stresses and to influence without exception all damage mechanisms.

The dynamic response of a chain segment to thermo-mechanical excitation
strongly depends on in-chain cooperative motions. By combining the powerful
techniques of multi-dimensional Nuclear Magnetic Resonance and of dielec-
tric and dynamic mechanical analysis Monnerie, Lauprétre and Halary have
investigated the intensity and molecular origin of sub-T ¢ relaxations and their
degree of coupling for five structurally quite different amorphous polymers.
Their important findings are reported in two comprehensive reviews treating
the effect of chain configuration on segmental mobility and its effect on the
toughness of these materials, respectively.

Essential features of the entanglement network and of the morphology of
semi-crystalline polymers are determined through the crystallization process.



X Preface

Chan and Li review homogeneous and heterogeneous nucleation. Using the
new hot-stage in-situ AFM technique they particularly investigate the propa-
gation of founding lamellae, their branching, interaction and development into
lamellar sheaves and spherulites. In her contribution Grein gives a thorough
analysis of the influence of phase structure (a- and B-crystalline polypropylene)
as compared to the effect of elastomeric modifier particles. She concludes that
the capacity of a matrix to deform remains an essential requirement for high
toughness materials.

Stress cracking environments are known to enhance the mobility in the af-
fected surface regions. Altstadt shows that the rate of fatigue crack propagation
at constant stress intensity factor K proves to be a sensitive quantitative measure
of the influence of active media. He also points to the dual role of segmental
mobility, permitting stress relaxation followed by strain hardening or unsta-
ble softening, respectively. The complex conditions of fracture during sliding
contact are reviewed by Chateauminois and Baietto-Duboug. They arrive at
the conclusion that the main wear mechanism of glassy polymers, asperity
scratching, is strongly controlled by competition between crazing processes
and shear yielding. In the final contribution Estevez and van der Giessen
present a computational analysis of the fracture of glassy polymers. The ap-
plied cohesive zone model takes into consideration the three steps of crazing
(initiation, thickening and breakdown) and seems to be sufficiently flexible to
adapt to future refinements.

The editor wishes to thank all authors for their willingness to cooperate in
this joint effort, which so heavily depended on the concourse of their special
expertise. It is hoped that the resulting detailed overview will be of help to more
fully exploit the large potential offered by polymeric systems. Unfortunately
the comprehensive treatment has made it necessary to publish the above,
closely related eight contributions in two consecutive volumes of the Advances
in Polymer Science, Vols. 187 and 188. However, a common Subject Index in
both volumes and the reproduction of the two List of Contents should make it
easy for the reader to find the desired information.

Lausanne, September 2005 Hans-Henning Kausch
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Abstract This article describes some of the progress made in the understanding of the
growth of polymer lamellae and spherulites using atomic force microscopy (AFM) in the
last five years. High-resolution and real-time AFM phase imaging enables us to observe
the detailed growth process of lamellae. During the early stage of crystallization, em-
bryos appear and disappear on the film surface. A stable embryo develops into a single
lamella, which develops into a founding lamella. Then, the founding lamella develops
into a lamellar sheaf through branching and splaying. Through further branching and

splaying, a lamellar sheaf develops into a spherulite with two eyes at its center.

Keywords Atomic force microscopy - Branching - Crystallization - Embryo - Lamella -

Polymer - Spherulite
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Abbreviations

AFM atomic force microscopy

EM electron microscopy

Ty glass transition temperature

i-PP isotactic polypropylene

i-PS isotactic polystyrene

oM optical microscopy

BA-C10 poly(bisphenol A-co-decane)

BA-C8 poly(bisphenol A-co-octane)

PEO poly(ethylene oxide)

PS[(S)-LA] poly[(s)-lactide]

PCL polycaprolactone

PE polyethylene

PP polypropylene

SEM scanning electron microscopy

TM-AFM  tapping-mode atomic force microscopy

TEM transmission electron microscopy

AGegge free energy of formation for an edge-on primary nucleus

AGy free energy change per unit of crystalline material formed

VE interfacial energy between the folding surface and the melt

Ve interfacial energy between the lateral plane and the melt

Ves interfacial energy between the crystal and the substrate

Yms interfacial energy between the melt and the substrate

a dimension of a nucleus;

ac critical dimension of a nucleus

14 dimension of a nucleus

£ critical dimension of a nucleus

AGga free energy of formation for a flat-on nucleus

AH, enthalpy of melting per unit volume of crystal

o equilibrium melting point of a polymer

T, crystallization temperature

Mw weight-average molecular weight

g average growth rate of a lamella

Lo length between the lamellar tip and the location at which an induced nucleus
just appears

ti induction time for the formation of an induced nucleus

1

Introduction

When a polymer crystallizes from the melt without disturbance, it normally
forms spherical structures that are called spherulites [1, 2]. The dimensions of
spherulites range from micrometers to millimeters, depending on the struc-
ture of the polymer chain and the crystallization conditions, such as cooling
rate, crystallization temperature, and the content of the nucleating agent. The
structure of spheraulites is similar regardless of their size; they are aggregates
of crystallites [1-6].
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Much effort has been devoted to investigating the detailed architectures
and the construction of spherulites. Early investigations of the crystallization
of polymers through optical microscopy (OM) [7, 8] posited that polymer
spherulites consisted of radiating fibrous crystals with dense branches to fill
space. Later, when electron microscopy (EM) became available, spherulites
were shown to be comprised of layer-like crystallites [9,10], which were
named lamellae. The lamellae are separated by disordered materials. In
the center of the spherulites, the lamellae are stacked almost in paral-
lel [5,6,11-15]. Away from the center, the stacked lamellae splay apart and
branch, forming a sheaf-like structure [11,13-15]. It was also found that
the thicknesses of lamellae are different [5,6,11, 12]. The thicker ones are
believed to be dominant lamellae while the thinner ones are subsidiary
lamellae.

EM and OM have a few drawbacks, making them unsuitable for appli-
cation in real-time studies of spherulitic growth at the lamellar level. The
resolution of OM is too low to detect lamellae. The required sample prep-
aration techniques for scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) usually stop the crystal growth. Examining
the internal structure of growing spherulites in a partially crystallized and
quenched polymer sample overcomes this drawback to a certain extent, and
the process of spherulite formation has been deduced [4,6, 11]. A spherulite
is believed to develop from a stack of lamellae. During the growth process, the
stacked lamellae splay apart continually and branch occasionally. The contin-
uous growth of the dominant lamellae leads to the formation of a spherical
skeleton and the subsidiary lamellae fill up the space between the dominant
lamellae.

Phillips and Edwards studied the spherulitic morphology and the growth
kinetics of natural, isomerized, and synthetic cis-polyisoprene under differ-
ent pressures with TEM [16-23]. The polymer thin films were stained with
osmium tetroxide vapor to stop the crystallization and enhance the phase
contrast. Heterogeneous nucleation and homogeneous nucleation were both
observed [18]. Heterogeneous nucleation was identified by the observations
of lamellae growing in all directions normal to the surface of the nucleus.
In homogeneous nucleation, lamellae were observed to grow in two direc-
tions. The growth rates of dominant and subsidiary lamellae were found to be
the same and constant [19]. The spherulitic morphologies of melt-crystallized
poly(4-methyl pentane) [24], polyethylene (PE) [10, 11, 13, 25-27], isotactic
polypropylene (i-PP) [11], and isotactic polystyrene (i-PS) [28] were investi-
gated using OM and TEM. The main points made by the authors concerning
the spherulitic growth were that dominant lamellae first grew into the melt
to form a skeleton of a spherulite by splaying and branching; inter-dominant
lamellar regions were filled with subsidiary lamellae; and branching was
mainly through giant screw dislocations. The pressure build-up by molecular
cilia between lamellae caused the splaying.
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Splaying apart and branching of lamellae to form spherulites due to the
repulsion of the amorphous materials between the lamellae are the general
features of polymer spherulites [4, 11, 14, 15]. It is understood that to achieve
a spherical shape, primary lamellae have to splay apart and branch. Even
so, the origins for the splaying and branching processes have not been con-
firmed. The early investigations of polymer crystallization suggested that the
accumulation of noncrystallizable impurities in the front of growing lamel-
lae was the reason for branching [29]. But several authors have queried
this diffusion-control mechanism. On the basis of the morphology of grow-
ing spherulites in quenched samples, Bassett and his colleagues proposed
that branching is a result of secondary nucleation on primary lamellae [11].
They also suggested that the mutual repulsion between the adjacent primary
lamellae, resulting from the protruding cilia of the lamellae, is the origin
for splaying of the stacked lamellae. However, the secondary nucleation and
splaying processes have never been observed directly owing to the limitations
of EM.

This process described, as shown schematically in Fig. 1, is still hypo-
thetical because the description is not based on direct observations of the
formation of spherulites. Furthermore, how the stacked lamellae are gener-
ated is still not clear, though nucleation of a supercooled melt can be pre-
dicted from thermodynamics [4]. The invention of atomic force microscopy
(AEM) [30-36] has made direct observation of the crystallization of polymers
possible. In addition to its high resolution, contact-mode AFM can record
real-time images of a dynamic process. The disadvantage of contact-mode
AFM is the considerable pressure exerted by the probe tip on the sample
surface, causing sample deformation and induced nucleation. In particular,
such damage to soft samples such as polymers and biological specimens
limits the applicability of AFM. In recent years, the development of tapping-
mode AFM (TM-AFM) has enhanced the capability of AFM as a surface
analysis technique [35, 36]. In TM-AFM, a fast oscillating probe is used for
surface imaging. During the operation, the tip makes contact with the sur-
face briefly in each cycle of oscillation. Many studies have been performed
to interpret the height and phase images recorded by TM-AFM [37-40]. The
results clearly indicate that phase images can provide enhanced contrast on
heterogeneous surfaces. TM-AFM has been shown to be a powerful tool to
study the surfaces of polymer blends, copolymers, and semi-crystalline poly-
mers [36-38, 41-44].

__.M_,x_,%_,

Fig.1 Schematic showing the formation of a spherulite from a lamella
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By utilizing the advantages of AFM, the spherulites and lamellae of var-
ious semi-crystalline polymers have been investigated [45-84]. The lamel-
lar thickness [49,68] and hedritic morphology [54] of polypropylene (PP)
were studied by Vancso and colleagues and the thickness of the lamel-
lae was found to be identical to the values in the literature as revealed by
other techniques. The growth rates of a spherulite and the internal lamel-
lae of a poly(hydroxybutyrate-co-valerate) copolymer have been determined
by Hobbs and colleagues with TM-AFM [58]. The result indicated that
the overall gross growth front of a spherulite can propagate at a constant
rate although internal lamellae cannot propagate in the same way. It was
posited that the spherulite growth rate is dependent on the rate of sec-
ondary nucleation on the existing lamellae but not on the growth rate of the
lamellae. Melting and crystallization of poly(ethylene oxide) (PEO) [47, 57],
PEO in PEO/poly(methyl methacrylate) blends [48], poly(ether ether ke-
tone) [53], and PE [55] have been studied by an AFM equipped with a hot
stage.

In order to record the dynamic polymer crystal growth process in-situ, two
factors are significantly important. One is the use of a very high resolution
technique. Such a technique can repeatedly record the same area without
damage to or significant interactions with the sample. AFM has been proved
to be a successful tool to fulfill this task. The other key factor is that the
polymers must have an appropriate crystallization rate. It generally takes an
AFM several minutes to produce an image. This requires that the polymer
has a very slow crystallization rate. The crystallization rates of most semi-
crystalline polymers at room temperature are too fast.

It is well known that the crystallization rate and crystallinity of a poly-
mer are strongly dependent on the crystallization temperature and polymer
chain structure. A polymer can be controlled to have a slow crystalliza-
tion rate by crystallizing at a high temperature close to its melting point or
a lower temperature near its glass transition temperature. It is much more
difficult to obtain high-quality AFM images of polymers at high tempera-
tures because the melt may interact with the AFM tip which may induce
crystallization as well. To run AFM at low temperatures, a cooler is re-
quired to keep the sample cool. As a result, the operation at or near room
temperature is preferred. Modifying the polymer chain structure can re-
duce the crystallization rate. Varying the flexible segment length can con-
trol the flexibility of the polymer chain, which affects its crystallization
rate significantly. Li et al. prepared a series of polymers (BA-Cn) by phase-
transfer catalyzed polyetherification of 1, n-dibromoalkane (Cn, n =4, 6, 8,
10, 12, 14, and 18) with bisphenol A (BA), with a hard BA segment, and
a flexible Cn segment [85]. The synthesis is described in Scheme 1. BA-
C8 and BA-C10, which crystallize slowly, are ideal candidates for in-situ
AFM crystallization studies. Their physical properties are summarized in
Table 1.



