i

Shape memory polymers and textiles

ii

The Textile Institute and Woodhead Publishing
The Textile Institute is a unique organisation in textiles, clothing and footwear.
Incorporated in England by a Royal Charter granted in 1925, the Institute
has individual and corporate members in over 90 countries. The aim of the
Institute is to facilitate learning, recognise achievement, reward excellence
and disseminate information within the global textiles, clothing and footwear
industries.
Historically, the Textile Institute has published books of interest to its
members and the textile industry. To maintain this policy, the Institute has
entered into partnership with Woodhead Publishing Limited to ensure that
Institute members and the textile industry continue to have access to high
calibre titles on textile science and technology.
Most Woodhead titles on textiles are now published in collaboration with
the Textile Institute. Through this arrangement, the Institute provides an
Editorial Board which advises Woodhead on appropriate titles for future
publication and suggests possible editors and authors for these books. Each
book published under this arrangement carries the Institute’s logo.
Woodhead books published in collaboration with the Textile Institute are
offered to Textile Institute members at a substantial discount. These books,
together with those published by the Textile Institute that are still in print,
are offered on the Woodhead web site at: www.woodheadpublishing.com.
Textile Institute books still in print are also available directly from the Institute’s
web site at: www.textileinstitutebooks.com.

iii

Shape memory
polymers and
textiles
Jinlian HU

CRC Press
Boca Raton Boston New York Washington, DC

WOODHEAD

PUBLISHING LIMITED
Cambridge, England

iv
Published by Woodhead Publishing Limited in association with The Textile Institute
Woodhead Publishing Limited, Abington Hall, Abington
Cambridge CB21 6AH, England
www.woodheadpublishing.com
Published in North America by CRC Press LLC, 6000 Broken Sound Parkway, NW,
Suite 300, Boca Raton FL 33487, USA
First published 2007, Woodhead Publishing Limited and CRC Press LLC
© 2007, Woodhead Publishing Limited
The author has asserted her moral rights.
This book contains information obtained from authentic and highly regarded sources.
Reprinted material is quoted with permission, and sources are indicated. Reasonable efforts
have been made to publish reliable data and information, but the author and the publishers
cannot assume responsibility for the validity of all materials. Neither the author nor the
publishers, nor anyone else associated with this publication, shall be liable for any loss,
damage or liability directly or indirectly caused or alleged to be caused by this book.
Neither this book nor any part may be reproduced or transmitted in any form or by any
means, electronic or mechanical, including photocopying, microfilming and recording, or
by any information storage or retrieval system, without permission in writing from
Woodhead Publishing Limited.
The consent of Woodhead Publishing Limited does not extend to copying for general
distribution, for promotion, for creating new works, or for resale. Specific permission must
be obtained in writing from Woodhead Publishing Limited for such copying.
Trademark notice: product or corporate names may be trademarks or registered trademarks,
and are used only for identification and explanation, without intent to infringe.
British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library.
Library of Congress Cataloging in Publication Data
A catalog record for this book is available from the Library of Congress.
Woodhead Publishing ISBN 978-1-84569-047-2 (book)
Woodhead Publishing ISBN 978-1-84569-306-0 (e-book)
CRC Press ISBN 978-0-8493-9107-1
CRC Press order number WP9107
The publishers’ policy is to use permanent paper from mills that operate a sustainable
forestry policy, and which has been manufactured from pulp which is processed using
acid-free and elementary chlorine-free practices. Furthermore, the publishers ensure that the
text paper and cover board used have met acceptable environmental accreditation standards.
Typeset by Replika Press Pvt Ltd, India
Printed by T J International Limited, Padstow, Cornwall, England

v

Contents

Preface
Acknowledgements

ix
xiii

1

Introduction

1

1.1
1.2

1

1.3
1.4
1.5

Concepts associated with shape memory materials
Principle of temperature-dependent shape memory
polymers
Applications of shape memory polymers
Prospects for shape memory polymers
References

12
15
23
25

2

Preparation of shape memory polymers

28

2.1
2.2
2.3
2.4

Structures of shape memory polymers
Synthesis of shape memory polymers
Preparation of shape memory polymers for medical uses
References

28
39
53
59

3

Characterization techniques for shape memory
polymers

62

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12

Differential scanning calorimetry
Wide angle X-ray diffraction
Dynamic mechanical thermal analysis
Fourier transform infrared
Raman spectroscopy
Gel permeation chromatography
Polarizing microscopy
Transmission electron microscopy
Scanning electron microscopy
Positron annihilation lifetime spectroscopy
Vapor transport property
References

62
69
77
84
87
93
93
99
104
104
107
109

vi

Contents

4

Structure and properties of shape memory
polyurethane ionomer

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
5
5.1
5.2

Morphology of crystalline soft segment in shape memory
polyurethane ionomer
Thermal properties of shape memory polyurethane ionomer
Isothermal crystallization kinetics of the soft segment in
shape memory polyurethane ionomer
Analysis of crystallization activation energy of soft segment
crystallization in shape memory polyurethane ionomer
Effect of ionic groups on equilibrium melting temperature
Dynamic mechanical property of shape memory
polyurethane ionomer
Infrared absorption analysis
Shape memory effect of shape memory polyurethane
ionomer
References
Water vapor permeability of shape memory
polyurethane

113
114
117
123
128
132
136
140
145
157
160

Factors affecting water vapor permeability of SMPU
Factors affecting equilibrium sorption and dynamic
sorption of SMPU
Dependence of WVP through SMPU membranes on
temperature
Dependence of free volume of SMPU on temperature
References

179
189
195

Characterization of shape memory properties in
polymers

197

6.1
6.2
6.3
6.4
6.5

Parameters for characterization
Measurements of parameters
Effect of thermomechanical cyclic conditions
Effect of sample preparation
References

197
201
208
214
216

7

Structure modeling of shape memory polymers

218

7.1
7.2
7.3
7.4
7.5
7.6
7.7

Structural skeleton of SMPs
Structural categorization of SMPs
SMPs and traditional polymers
Considerations for molecular design of SMPs
Relationship between structure and property of SMPUs
Modeling of SMPs
References

218
219
225
228
228
238
249

5.3
5.4
5.5
6

160
173

Contents

8
8.1
8.2

Environmentally sensitive polymer gel and its
application in the textiles field

vii

252

8.3

Environmentally sensitive polymer gel
Application of environmentally sensitive polymer gel to
textiles
References

258
277

9

Evaluation of shape memory fabrics

279

9.1
9.2
9.3

279
280

9.4
9.5
9.6
9.7

Shape memory and wrinkle-free fabrics
Evaluation methods for shape memory fabrics
Subjective method for characterizing shape memory
fabrics
Objective method for characterizing shape memory fabrics
Effect of temperature on shape memory effect
Conclusion
References

284
290
299
303
303

10

Shape memory textiles

305

10.1
10.2
10.3
10.4

Shape memory fibers
Role of smart materials in textiles
Shape memory material used in smart fabrics
Shape memory garments – active structure for fashion
apparel
References

305
326
327
334
336

Index

339

10.5

252

viii

ix

Preface

Several recent developments in materials science have indicated that there is
currently strong worldwide interest in using shape memory polymers in
different fields, such as textiles, medical applications and vehicle manufacture.
There have been significant developments in shape memory technology over
the past few years and a number of achievements have been reported. It is
not the scope of the book to cover adequately in one volume all aspects of
shape memory polymer chemistry and technology in different fields. A
systematic review is given of the use of shape memory polymers and their
technology, mainly in textiles. Most of the original data presented here are
essentially from the Shape Memory Textile Center in the Institute of Textiles
and Clothing at the Hong Kong Polytechnic University. In addition, this
book is intended to provide a thorough understanding of the concepts and
principles of using shape memory polymers in textiles, in terms of its structure,
synthesis, and underlying thermoresponsive behaviour. The book also covers
the unique features characterizing the shape memory polymers found by
different thermal and optical measurements.
Chapters 1–4 discuss the structure, synthesis, and characterizations of
shape memory polymer. Chapters 1 and 2 review the kinds of materials
showing the shape memory effect, with focus being on the structure and
physical properties of thermally sensitive shape memory polymers. The concept
of hard and soft segments leading to phase separation is described. The
importance of the architecture of the polymer network is emphasized and
shape memory polymers having different reversible phase transition
temperature – glass transition and melting temperatures – are distinguished.
Some typical shape memory polymers used in textiles are then categorized
according to their structures – linear, segmented block, or graft copolymer.
After that, the synthesis of temperature-sensitive segmented polyurethane
and how it differs from ordinary polyurethane is described. Applications of
the polymers in textiles, medicine, and other aspects are given, followed by
a description of their prospects based on current research.
Some modern characterization techniques used in the study of shape memory
polymers with emphasis on signifying the unique properties possessed by
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this class of polymer is then reviewed in Chapter 3; differential scanning
calorimetry and wide angle X-ray, to investigate the microstructures of the
synthesized PU samples; dynamic mechanical analysis to study the thermal
properties of the polymer. The vibrational modes probed by Fourier transform
infrared spectroscopy and Raman spectroscopy identify the major components
and the hard segment’s molecular orientation in the samples. Other techniques
such as gel permeation chromatography, polarizing microscopy, and
transmission electron microscopy are then introduced. Lastly, the use of
positron annihilation lifetime spectroscopy (PALS) to access the free volume
of the sample is discussed.
Chapter 4 discusses the structural properties and applications of shape
memory ionomers, covering mainly the influence of cationic groups and
their content within structure on the shape memory effect. The focus is on
the potential design of a novel shape memory polyurethane with a specific
tailored shape memory function.
Chapters 5–7 are devoted to the investigation of temperature-sensitive
shape memory effect in films, its associated structural property, and its
modeling. Being of technological significance in textiles, thin shape memory
polyurethane (SMPU) membranes with different water vapor permeabilities
at various temperatures are specifically discussed in Chapter 5. Some critical
factors, such as the chemical nature of the soft segment, distribution of the
hard segment, hydrophilic segmental length, its content, and the amount of
carbon nano-tubes, are selected and the ways they affect the water vapor
transport properties in SMPU membranes are outlined. The dependence of
swelling parameter and water vapor pressure at different temperatures are
then stated. Subsequently, PALS is used to measure the free volume of holes
at different temperatures in selected shape memory films. Chapter 6 defines
the important parameters – shape fixity, shape recovery, recovery stress, and
recovery rate – to quantify the shape memory effect in films. The experimental
methods to measure these parameters are then followed. The influences of
thermomechanical cyclic conditions, such as the deformation temperature,
maximum applied strain, deformation rate, fixing condition, fixing temperature,
recovery temperature and time, and the thermal history of samples on the
overall shape memory effect of the sample, are discussed. The structure–
condition property of shape memory polymers is discussed in detail in Chapter
7. Some theoretical models, based on the polymer viscoelastic theory, are
used to describe the thermomechanical cyclic response under different
environment conditions. Modeling of the shape memory effect by using
different models, such as that of Lin, Tobushi, Li, and Abrahamson is reviewed.
In general, it is observed that the shape memory behaviors of the samples
can be qualitatively explained by the models. However most of the models
do not adequately predict the detailed shape memory effects in terms of the
stress–strain relationship.
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In the final group of chapters an environmentally sensitive polymer gel
for use in textiles is introduced. The evaluation methods for the shape memory
effect in fabrics are given in-depth treatment. Then, shape memory fibers
and their potential use in textiles are discussed. Chapter 8 describes a new
type of polymer network which is partly cross-linked – a gel. It is a special
gel showing abrupt changes in response to the stimuli of external environment
conditions, such as temperature, pH value, solvent, light intensity/wavelength,
ionic strength, and magnetic field. The underlying physics leading to the
unique properties of a gel is then explained by the swelling theory. The
application of using gel in smart fabrics is then covered.
In Chapter 9, the objective and subjective characterizations of shape memory
fabrics are developed to quantify the shape memory effect in fabrics. Shape
memory angle and coefficient are defined to characterize the shape memory
effect in fabrics; in particular, investigation is devoted to the fabrics when
they are placed in warm water and air. Lastly, the detailed structure and
synthesis of shape memory fibers and their applications in textiles are described
in Chapter 10.
The purpose of the book is to cover recent developments in the use of
temperature-responsive shape memory polymers in textiles by experts in the
field, the associated concepts of the underlying mechanism in shape memory
polymers, and their characterization features through different experimental
techniques. I feel these goals have been duly met.
Jinlian HU
Hong Kong Polytechnic University
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1
Introduction

This chapter is intended to serve as a brief review of key concepts associated
with shape memory material. We shall first review the kinds of materials that
demonstrate a shape memory effect, with the focus being on the structure
and physical properties of thermally sensitive shape memory polymers. We
then discuss their applications in textiles, medicine, and other areas, following
which their potentials based on current research progress is reviewed.

1.1

Concepts associated with shape memory
materials

1.1.1

A concept of shape memory material as smart
material

Materials scientists predict that intelligent materials will play a prominent
role in the near future.1 Materials that respond dynamically to environmental
stimuli can be called intelligent or smart materials.1-4 They have significant
potential applications in various fields. As a result, research on such materials
is actively growing both in academic and industrial sectors. Although the
term ‘smart material’ has been conventionally used, all materials are in general
responsive (and in this sense smart) but whether they are responsive in an
adaptive way is questionable. A ‘very smart’ adaptive response is exhibited
if materials/material systems are able to respond dynamically to a number of
input stimuli and if this response is repeatable. For example, a simple pressure
transducer that produces a voltage dependent upon the input pressure in a
direct one-to-one fashion could be regarded as ‘smart’ in a basic or simple
way. However, a pressure transmitter incorporating a thermocouple that
measures both temperature and pressure and corrects the pressure in response
to the sensor’s temperature coefficient could be regarded as ‘very smart’.
Figure 1.1 summarizes the responses of different transducer materials to
different stimuli (input/output characteristics).
1
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1.1 Response of some sensor materials. These materials are often
referred to as ‘smart’.
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1.2 Illustrating the response of a ‘very smart’ material. The
uncorrected response is a function of the parameter T, but after
correction in the material, an unambiguous output is obtained,
independent of T.

However, according to the general definition of a smart material, the
material must also respond to more than one variable. This is shown
conceptually in Fig. 1.2. If the material can be engineered to exhibit a particular
response due to a sum of inputs, then it fulfills the definition of being ‘very
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smart’. The term ‘very smart’ also refers to materials that can (1) respond
reversibly to the changes in the surrounding environment and (2) contribute
an optimal or useful response by either changing its physical properties,
geometry, mechanical properties, or electromagnetic properties. The physical
change is usually a significant one which can easily be observed and detected.
These very smart materials have been much studied in recent years because
of their ability to change their physical properties usefully when they are
triggered by environmental stimuli.5 The underlying concept of very smart
materials is that they have their own way of sensing an external stimulus,
which results in them changing their properties. In all cases, very smart
materials are expected to provide a reversible and useful response to change
in the adapted environment.6
Shape memory materials belong to a class of very smart materials, that
have the ability to remember their original shape. The materials deform into
a temporary shape and returns to its original shape by external environmental
stimuli such as chemicals, temperature, or pH. Shape memory materials are
stimuli-responsive materials. Therefore, a temperature-sensitive shape memory
material is one that undergoes a structural change at a certain temperature
called the transition temperature. A change in shape caused by a change in
temperature is called a thermally induced shape memory effect.
Temperature-responsive shape memory materials can be easily and
permanently deformed and upon heating return to their original structure.
Once a sufficient stress is applied to the material, the material will undergo
a large deformation that appears very similar to elastic deformation. However,
on releasing the applied stress the material may return to its original shape
with no permanent deformation. If the temperature of the surroundings does
not reach the transition temperature of a shape memory material, the shape
memory effect is not observed.
The shape memory effect was first observed in samples of gold–cadmium
in 1932 and 1951, and in brass (copper–zinc) in 1938. It was not until 1962,
however, that William J. Buehler and co-workers at the U.S. Naval Ordnance
Laboratory (NOL) discovered that nickel–titanium showed this shape memory
effect.7 Besides these shape memory alloys (SMAs), there are several classes
of shape memory materials such as polymers,8 ceramics9 and gels10 that also
show thermo–responsive shape memory properties. Among these, SMAs
and shape memory polymers (SMPs) are most widely used, sometimes in
combination, because of their properties.

1.1.2

Shape memory alloys

SMAs are metals that exhibit two unique properties. The first is the shape
memory effect characterized by the capability of a material to be deformed
at a low temperature and then to revert to its prior shape upon heating above
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a temperature associated with the particular alloy. The second is superplasticity,
which is the ability of a material to exhibit large recoverable strains (up to
approximately 15%), while deformed within a range of temperature
characteristic of a specific alloy. Arne Olander first discovered these peculiar
properties in 1938, but no significant research progress was made until the
1960s.11
This special class of metals is made from two or more elements exhibiting
hardness and elasticity properties that change radically at particular
temperatures. After alloying and mechanical processing, SMAs can be deformed
into a given shape, and then be thermally set to that shape by heat treatment.
When the SMAs are cooled, they can be bent, stretched, or deformed. They
can recover some or all of the deformation following some moderate heating.
For most SMAs, a temperature difference of only about 10 ∞C is required to
trigger the shape change. The two phases present in shape memory alloys are
called martensite and austenite. The former phase exists at lower temperatures
and is the relatively soft and easily deformed phase of SMAs. The molecular
structure of this phase is illustrated in Fig. 1.3. The deformed martensite
phase is shown in Fig. 1.3 on the left. Austenite is a stronger phase of SMAs
which occurs at higher temperatures. The shape of the austenite structure is
cubic as shown on the top of Fig. 1.3. The undeformed martensite phase is
represented by the same size and shape as the cubic austenite phase at a
macroscopic level, so that no observable change in size or shape in shape
memory alloys occurs until the martensite is deformed.
When the temperature of the SMA is cooled to below the transition
temperature, the shape memory effect is observed. At this stage the alloy is
entirely composed of martensite, which is soft and easily deformed. After
deforming, the original shape can be recovered simply by heating the SMA
above the transition temperature. The deformed martensite is now transformed
into the cubic austenite phase.

Austenite
Heat

Cool

Deform
Deformed martensite

Martensite

1.3 Microscopic and macroscopic views of the two phases of SMA.
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SMAs have a series of advantages such as good mechanical properties
(strong, corrosion resistant) and are being used in a number of different
fields, including vascular stents, medical guidewires, orthodontic wires,
vibration dampers, pipe couplings, electrical connectors, thermostats, actuators,
eyeglass frames, and brassiere underwires.12–15

1.1.3

Shape memory polymers

SMPs have been around since the mid-1980s. They can be stimulated by
temperature, pH, chemicals, and light, and are defined as polymer materials
with the ability to sense and respond to external stimuli in a predetermined
way. Polymer materials have various elasticities from hard glass to soft
rubber. SMPs, however, have the characteristics of both hard and soft materials,
and their elasticity modulus shows reversible change with the transition
temperature. Upon application of an external stimulus, they also have the
ability to change their shape. Among these SMPs, the shape of thermally
responsive shape memory polymers can be readily changed above the shape
memory transition temperature (Ttrans) and the deformation can be fixed
below this temperature. As a result, when they are heated above Ttrans their
original shape can be recovered automatically.
Most of the shape memory effects are based on the existence of separated
phases related to the coiled polymer structure, cross-links, hydrogen bonding,
etc. Chains tend to go back to the random coiled configuration, unless they
are constrained by permanent or temporary cross-links and partial bonding.
The shape memory transformation depends on the mechanism by which
polymer molecules transpose between the constrained and random entangled
conformations. By making use of this change, the shape memory effect can
be appropriately engineered.
Shape memory polymers are processed by conventional methods to have
a permanent ‘parent’ shape in the molding (or spinning) process. This permanent
shape is stored in the system while the polymer assumes different temporary
shapes, and by heating the polymer higher than the transition temperature,
the permanent shape can be restored. The phase corresponding to the higher
transition polymer component acts as the physical cross-links responsible
for the permanent shape. The second component acts as a ‘molecular switch’
and helps to freeze temporary shapes below the transition temperature, with
either the glass transition temperature or the melting temperature serving as
the transition/switching temperature. Chemical cross-links can also be used
in elastomeric shape memory polymers, instead of physical cross-links.
Temporary shapes can thus be formed above the switching temperature and
can be frozen by keeping the material below the switching temperature,
while the permanent shape can be obtained again by heating above the switching
temperature. This is the reason why most of the thermally induced SMPs
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have a one-way shape memory effect: they remember one permanent shape
formed at the higher temperature, while many temporary shapes are possible
at lower temperatures for which the systems do not have any memory.
In terms of chemical structure, SMPs can be considered as phase-segregated
linear block copolymers having a hard segment and a soft segment. The hard
segment acts as the frozen phase and the soft segment acts as the reversible
phase. The reversible phase transformation of the soft segment is responsible
for the shape memory effect. The structure–property relationship will be
discussed in Section 2.1. Lendlein and Kelch1 found that the shape memory
effect could be controlled by a thermo-mechanical cycle. When the SMP is
heated above the melting point or glass transition temperature of the hard
segment, the material can be processed. This original shape can be memorized
by cooling the SMP below the melting point or glass transition temperature
of the hard segment. When the shaped SMP is cooled below the melting
point or glass transition temperature of the soft segment at which the shape
is deformed, the temporary shape is fixed. The original shape is recovered by
heating the material above the melting point or glass transition temperature
of the soft segment. Another method for setting a temporary shape involves
the material being deformed at a temperature lower than the melting point or
glass transition temperature of the soft segment, resulting in stress and strain
being absorbed by the soft segment. When the material is heated above the
melting point or glass transition temperature of the soft segment, the stresses
and strains are relieved and the material returns to its original shape. Examples
of polymers used to prepare hard and soft segments of SMPs include various
polyethers, polyacrylates, polyamides, polysiloxanes, polyurethanes, polyether
amides, polyvinyl ethers, polyurethane/ureas, polyether esters, and urethane/
butadiene copolymers.
The shape-fixing process, deformation, and shape recovery are schematically
illustrated in Fig. 1.4. It describes the thermomechanical cycle:
∑ Process 1. The polymer pellets are heated above the melting temperature
of the hard segment, Tm, then the polymer melts and is cross-linked. This
is denoted as the first synthetic form.
∑ Process 2. The polymer is cooled and crystallization occurs, having the
primary shape (predetermined shape). This is the fixed shape into which
the polymer returns upon triggered by the temperature change.
∑ Process 3. The polymer is heated to the transition temperature Ttrans,
together with the application of an external force, the polymer is left in a
secondary shape.
∑ Process 4. The external force in process 3 is still applied on the copolymer
but the temperature is lowered until it reaches a temporary shape.
∑ Process 5. Once the copolymer is heated above the Ttrans, it returns to the
primary shape. A thermal-mechanical cycle of the shape memory effect is
complete.
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1.4 Shape fixing and recovering processes of a shape memory
polymer.
T > Tgh

Tgh > T > Tgs

Tgs > T
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Shape A
Force

Tgs > T
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Shape B fixity with cooling

Forming shape B
Force

Tgh > T > Tgs

Tgs > T

Trigger
Hard domain
Shape A recovered with heating

Shape A

Amorphous soft
segment

1.5 Schematic representation of the molecular mechanism of the
thermally induced shape memory effect for an SMP with Ttrans = Tgs.

The molecular mechanism of programming the temporary form (Shape B)
and recovering the permanent shape (Shape A) is demonstrated schematically
in Fig. 1.5 for a multiblock copolymer, as an example of a shape memory
polymer. The predetermined Shape A of a SMP is achieved by heating the
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polymer to a temperature higher than the glass transition temperature of the
hard segment, Tgh, together with an external applied force to form it into a
different shape. Following a cooling process, to a temperature lower than the
glass transition temperature of soft segment, Tgs, the SMP assumes Shape A
after the crystallization process. The polymer remains in this shape until its
temperature is higher than Ttrans of the switching segments. These segments
are flexible (shown as random coils in Fig. 1.5), so they and the polymer as
a whole can be deformed elastically. The temporary deformed shape is fixed
by cooling below Ttrans (shown as thick lines). If the polymer is heated again
when T > Tgs, the permanent Shape A is recovered.
The elasticity change of the SMP at various temperatures is described in
detail as follows. At temperatures above the Tgs, the SMP enters a rubbery
elastic state (see Fig. 1.6) where it can be easily deformed without stress
relaxation by applying external forces over a time frame t < t, where t is a
characteristic relaxation time. When the material is cooled below its Tgs, the
deformation is set and the deformed shape remains stable. Therefore, effective
shape memory behavior requires a sharp transition from glassy state to rubbery
state, a long relaxation time, and a high ratio of glassy modulus to rubbery
modulus. The micro-morphology of SMPs strongly affects their mechanical
properties. There are many factors that can influence the shape memory
features, for instance, the SMP’s chemical structure, composition, and sequencelength distribution of the hard and soft segments in the segmented polymer,
overall molecular weight, and its distribution.
Shape recovery and shape fixity are the parameters used to describe the
shape memory capabilities of a material, while several physical properties
are also altered in response to external changes in temperature and stress,
particularly at the shape transition temperature. These properties include
elastic modulus, hardness, flexibility, vapor permeability, damping, index of

Rubbery
state

Flow

Modulus

Glassy state

Tgs
Temperature

1.6 Temperature dependent elasticity of thermoplastic polymer.
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refraction, and dielectric constant. The elastic modulus of an SMP can be
changed by a factor of up to 200 when heated above the melting point or
glass transition temperature of the soft segment. Also, the hardness of the
material changes dramatically when the soft segment is at or above its melting
point or glass transition temperature. When the material is heated to a
temperature above the melting point or glass transition temperature of the
soft segment, the damping ability can be up to five times higher than that of
a conventional rubber. The material can readily recover to its original molded
Shape A following numerous thermal cycles, and can be heated above the
melting point of the hard segment, reshaped, and cooled to obtain a new
original shape.
The first SMPs were polynorbornene-based with a Ttrans = Tg ranging
from 35 to 40 ∞C developed by the French CdF Chimie Company and
commercialized by Nippon Zeon Co. in Japan.16 This temperature range is
suitable for developing apparel textiles, but the Tg is very difficult to adjust.
Because of its high molecular weight, its processibility is limited. It has been
recently reported that reinforced polynorbornene is suitable for hightemperature applications. Kuraray Company in Japan developed a transpolyisoprene-based SMP with a Tg of 67 ∞C in 1987. A third kind of SMP,
introduced by the Asahi Company, was styrene–butadiene-based and had a
Tg ranging from 60 to 90 ∞C.17 Both of these polymers have higher Tg values,
which limit their applications to apparel areas and their processibility is also
reportedly poor. Mitsubishi Heavy Industries (MHI) later succeeded in
developing polyurethane-based thermoplastic polymers (SMPUs).18 The Tg
values of MHI SMPUs possess a broad temperature range from –30 to 65 ∞C,
and the materials are more processible than the former SMP materials. Because
SMPUs have demonstrated an improved processability, they have received
the widest attention and have more wide-ranging applications. Hayashi19
and Tobushi et al.20 investigated their mechanical properties and systematically
examined the structure–property relationships and shape memory behaviors
of the SMPUs. Li et al.21 also reported their studies on the shape memory
effect of segmented polyurethane with different molecular weights and lengths
of the hard and soft segments, and put forward some theories on their relations
with the shape memory effects.
A number of papers have applied MHI SMPUs in several areas. It is
reported that a large amount of inelastic strain (up to 400%) can be recovered
by heating the SMPUs, and the reversible changes possible in the elastic
modulus between the glassy state and rubbery state of the materials (elasticity
memory) can be as high as 500%. The shape memory effect of ethylene–
vinyl acetate (EVA) copolymers was also investigated by Li et al.22 Their
results indicated that it was possible to prepare good SMPs with large
recoverable strains and high final recovery rates by introducing a sufficient
amount of cross-links and gel content higher than about 30% into EVA
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samples with a two-step method. The response temperature was lower than
100 ∞C, and it could be controlled continuously in principle by using EVA
copolymers of different compositions.
Luo et al.23 synthesized a series of ethylene oxide–ethylene terephthalate
(EOET) segmented copolymers with long soft segments, and studied the
thermally stimulated shape memory behavior of the materials. They discovered
that the length of the soft segment, the hard segment content (HSC), and the
processing conditions could have an important influence on the shape memory
effect. In addition, Li et al.24 reported their investigation into the production
of SMP with polyethylene/nylon-6 graft copolymers. The nylon domains
that served as physical cross-links played a predominant role in the formation
of a stable network for the graft copolymers. The study showed that shape
memory materials with thermoplastic characteristics could be prepared not
only by block copolymerization but also by graft copolymerization, and the
reaction processing method might be a promising and powerful technique
for this purpose. They concluded that the polyethylene/nylon-6 blend specimens
were able to show good shape memory effect under normal experimental
conditions.
In the U.S. patent 5189110, another series of SMP resins were reported,
consisting essentially of a block copolymer having an A–B–A block structure
in the polymer chain. This polymer has an average molecular weight within
the range of 10 000–1 000 000.25 Block A is a polymer block comprising a
homopolymer of a vinyl aromatic compound, copolymers of two vinyl aromatic
compounds and a conjugated diene compound and/or a hydrogenated product
thereof. Block B is a polymer comprising a homopolymer of butadiene, a
copolymer of butadiene with another conjugated diene compound, a copolymer
of butadiene with a vinyl aromatic compound and/or a hydrogenated product
thereof. Another polymer material was reported to have shape memory
characteristics. The material is prepared from a polymer substance obtained
by dissolving an amorphous fluorine-containing polymer in an acrylic
monomer, and polymerizing the monomer with or without permitting the
resulting polymer to form an interpenetrating polymer network.

1.1.4

Research progress on shape memory materials

Shape memory materials are a promising class of materials useful for many
industrial applications. The study of these materials has now been in progress
for a long time. Much work has been done to exploit the potential of these
materials, especially for biomedical applications.26,27 The use of SMAs is
also promising in automotive, chemical-sensor, construction, electronics,
and metal-forming applications, as well as in medical applications such as
prostheses, tissue connectors, and endovascular stents. 28–31 Because
conventional materials do not exhibit memory-related or super-elastic
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properties, SMAs have come into use because of their exceptional superelasticity and shape memory properties, together with their good resistance
to fatigue and wear, and their relatively good biocompatibility. They offer
new possibilities in the design of new devices. Many applications have already
been developed. With their unconventional properties, these alloys have made
possible a range of technological advances. For example, nitinol is widely
used for the manufacture of surgical devices and implants because of its
biocompatibility. Cu–Zn–Al alloys are often used for non-medical applications
as a result of their advantageous thermal and electrical conductivity and their
better ductility. Cu–Al–Ni, and iron-based alloys such as Fe–Mn–Si, Fe–Cr–
Ni–Si–Co, Fe–Ni–Mn, and Fe–Ni–C, alloys have also been investigated
with regard to their shape memory properties. Fe–Mn–Si alloys, in particular,
find applications as materials for screwed joints that can be heated after
being screwed together to obtain further compression.32
Even though great progress has been achieved in the practical applications
of SMAs, many problems still exist. First, all potential applications must
meet strict requirements, especially in medical applications. All medical
applications such as human implants must be biocompatible, biofunctional,
and biodurable over short-, medium, and long-term periods, depending on
the application. To our knowledge, no study has proven that nitinol devices
will be completely safe and still functional after long-term implantation. The
impact of long-term use of SMAs on the human body and on the patient’s
health remains a major concern. This includes understanding their surface
nature, tailoring their properties, and developing specific surface treatments
or coatings for protecting the human body from any potential toxic
contamination. Second, SMAs must be inexpensive, especially for medical/
surgical uses. Because of the problems in using SMAs, scientists are actively
developing SMPs to replace or reduce the use of SMAs, in part because the
polymers are light, high in shape recovery ability, easy to manipulate, safe to
humans, and more economical than SMAs.
MHI has been engaged in the research of SMPs and made great progress
in areas such as automotive engineering. For example, it has developed a
polymer temperature sensor which is able to carry out automatic choking in
cold weather, and has been applied to small-size engines. SMPs have been
used for the handgrips of spoons, toothbrushes, razors, and kitchen knives.
By making use of the capacity of an SMP to go soft at body temperature, it
has been be applied in the medical field as a self-retaining needle for drips,
catheters, etc. By making use of the temperature change of water vapor
permeation, ‘smart’ clothing has been successfully developed that keeps
people warm in cold weather and cool in hot weather.
Study is now underway to use fiber reinforced plastics (FRP) where the
SMP is used as matrix resin for inflatable structures in space. This program
aims at compact folding of the FRP which has previously been molded to its
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final shape. It is then transported into space where it expands to the original
shape. A porous foam with a similar function is also under development.
Hu and co-workers33–36 have carried out the study of SMPs and their
application to fabrics at the Hong Kong Polytechnic University. The Shape
Memory Textile Center was founded by Hu in 2003 for the development of
shape memory polymer for garment finishing. Several kinds of water-based
SMPs have been synthesized and used as the major components in shape
memory fabrics. Major efforts are underway to develop smart products in the
market. Fibers made from SMPs have been prepared and characterized. The
essential characteristics of SMPs, especially their thermal-mechanical features,
crystallization, hard segment orientation in films, (Chapter 3), their ionomers
(Chapter 4), water vapour permeability (Chapter 5), and thermal-mechanical
modeling (Chapter 7) have been investigated.
Stylios and co-workers37 have reported the significance of technological
innovation using SMPs in textiles and the importance of capitalizing on the
aesthetic and other benefits possible with SMPs. Intensive development of
fiber, yarn, and fabric are underway to accommodate the specific needs for
apparel and interior textiles. They have also produced a variety of yarn
composites with a range of characteristics based on SMPs. To further enhance
their ‘aesthetic intelligence’ (ability to change appearance, for example) for
particular uses, they have improved the mechanical properties of the SMPs
by using yarn composites comprising SMP and Spandex. Their research
suggests that the potential of using SMPs in textiles has yet to be fully
explored and would lead to unique textile designs.

1.2

Principle of temperature-dependent shape
memory polymers

1.2.1

Architecture of shape memory polymer network

A temperature-sensitive SMP is different from a temperature-sensitive SMA
in that it presents a radical change from a rigid polymer to a very soft one.
The original property is restored by heating the polymer to the transition
temperature. This change in property is repeatable and causes no degradation
of the polymer. The ‘memory’ of the original shape comes from the stored
mechanical energy acquired at the reconfiguration and cooling stages of the
polymer (see Section 1.1.3). By increasing the temperature to above the
Ttrans, the polymer recovers from its temporary deformed shape to its memorized
permanent shape. A single polymer chain cannot present a shape memory
effect, because it is not a specific material property of the chain. A shape
memory effect results from a combination of the overall polymer structure
and its morphology, together with the applied processing technology. In a
macroscopic sense, a thermally induced shape memory effect is due to the
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presence of networks of polymer chains. These networks determine the
permanent shape. The network of polymer chains presents a thermal transition,
either a glass transition or a crystallization (melting) point, within which the
shape memory effect is triggered. The temporary shape can be stabilized via
the transition Ttrans that is based on these switching segments. Both the
deformability from the permanent to the temporary shape and the recovery
of the permanent shape can be attributed to entropy elasticity on the molecular
scale.

1.2.2

Tm shape memory polymers

As introduced in the previous section, polymer materials showing shape
memory properties can be designed by taking polymer networks in which
the polymer chains are able to fix a given deformation by cooling below a
certain transition temperature. This transition temperature can be a glass
transition or a melting point. Melting points are generally preferred because
the transition is sharper than glass transitions so that the temperature at
which the shape recovery takes place is better defined. Thus, a reasonable
way to produce polymers with shape memory properties is the preparation of
networks containing crystallizable polymer chains. The crystallinity can be
due to crystalline polymer chains or to side chain crystallization.
Shape memory polymers with Ttrans = Tm are represented by polyurethanes,
polyurethanes with ionic or mesogenic components, block copolymers
consisting of polyethyleneterephthalate and polyethyleneoxide, block
copolymers containing polystyrene and poly(1,4-butadiene), polyvinyl ether
and butyl acrylate, and an ABA triblock copolymer made from poly(2-methyl2-oxazoline) and polytetrahydrofuran, as reported in the literature.38–40
Kim and co-workers41 synthesized shape memory polyurethanes with a
hard-segment-determining block of 4,4¢-diphenylmethane diisoryanate (MDI)
and 1,4-butanediol (BDO) by using the pre-polymer method. Li, et al.42 also
reported one series of shape memory polyurethanes from polycaprolactone
(PCL), BDO and MDI with soft segment melting temperature as the transition
temperature. Osada and co-workers43 reported that networks prepared by
copolymerization of stearyl acrylate with acrylic acid and bisacrylamide as
cross-linker, form hydrogels with shape memory properties. Below 50 ∞C,
the stearyl chains adopt a crystalline aggregate structure, which renders the
material mechanically robust. Above 50 ∞C, the packing of the stearyl chains
is amorphous and the material becomes soft and flexible. The shape memory
effects were observed only in the (aqueous) swollen state because, in the dry
state, the glass transition temperature of the materials was higher than the
melting point of the stearyl chains.8,9,43 Reyntjens et al.44 also reported one
shape memory polymer prepared by free radical initiated copolymerization
of crystallizable a,x-bismethacrylate-terminated poly(octadecyl vinyl ether)

14

Shape memory polymers and textiles

(polyODVE) with butyl acrylate (BA). The segmented networks show a
high degree of phase separation over a wide range of compositions. The
shape memory properties of a material containing 20 wt.% of polyODVE
were also reported.

1.2.3

Tg shape memory polymers

SMPs may include urethane polymers, styrenebutadiene polymers, crystalline
diene polymers, and norbornane polymers.45,46 Their Tg values can be freely
controlled by properly selecting the kind of raw materials (monomers, chain
extender, etc.) and their mixing ratio. In the glassy state all movements of the
polymer segments are frozen. The transition to the rubber elastic state occurs
upon increasing the thermal activation, which means that the rotation around
the segment bonds becomes increasingly unimpeded. This situation enables
the chains to take up one of a number of energetically equivalent conformations
without disentangling significantly. The majority of the macromolecules will
form compact random orientation because this conformation is entropically
favored and, as a result, much more probable than a stretched conformation.
In this elastic state a polymer with sufficient molecular weight (Mn~20 000)
stretches in the direction of an applied external force. If the tensile stress is
applied for only a short time interval, the entanglement of the polymer
chains with their direct neighbors will prevent a large movement of the
chain. Consequently, the sample recovers its original length when the external
stress is released. In this way, the sample exhibits a kind of memory for the
unstretched state. This recovery is sometimes called memory effect, and is
based on the sample’s tendency to return to its original, most randomly
coiled state, which represents the most probable state.
However, if the external tensile stress is applied for a longer time period,
a relaxation process will take place, which results in a plastic, irreversible
deformation of the sample because of slipping and disentangling of the
polymer chains from each other. The tendency of the polymer chains to
disentangle and to slip off each other into new positions enables the segments
to undergo a relaxation process and to form entropically more favorable
random coils. In a similar way, a rise in temperature above the glass transition
temperature favors higher segment mobility and a decrease in the mechanical
stress in the elastic material being stretched by an external force.
A recent patent has also introduced one kind of SMP foam, whose shape
transition temperature is also its glass transition temperature.47 This SMP
foam takes on two shapes, the first one being that of the conventional molded
foam and the second one being that of the foam that has undergone deformation
and setting under compression. If the SMP foam is of open-cell structure, it
can be greatly deformed by squeezing cells with a comparatively small force.
If it is of closed-cell structure, it recovers its original shape rapidly on account
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of the expansion of the gas which has been compressed in cells at the time
of deformation. It may be given desired physical properties such as modulus
which vary with its two shapes. It could find many uses. For example, an
SMP foam made from a polymer whose Tg is close to room temperature
would be easily deformed, followed by setting, to a user’s desired shape at
any time by using a familiar heating means such as a hairdryer.47

1.3

Applications of shape memory polymers

1.3.1

Application in textiles

Although SMAs also have some applications such as in brassieres and flameretardant laminates, SMPs have better potential for textile and clothing and
related products. There are more ways of applying SMPs than other shape
memory materials to textiles, clothing and related products. Such products
include thermal insulating fabrics, various breathable fabrics with shape
memory characteristics, shoes, and crease and shrink-resistant finishes for
apparel fabrics. Processes for making such products include finishing, coating,
laminating, blending, and other innovative structures.48–51
Many polymers have been discovered with shape memory effects. Some
of those that are suitable for textile applications are shown in Table 1.1,
along with physical mechanisms for remembering the original and transient
shapes of the polymers. Only the first three important polymers with different
mechanisms will be discussed in the following subsections.
Table 1.1 Shape memory polymers and mechanisms1,52
Polymers

Physical interactions
Transient shape

Original shape

Polynorbornene
entanglement

Glassy state

Chain

Polyurethane

Glassy state

Microcrystal

Polyethylene/nylon-6
graft copolymer

Microcrystal

Cross-linking

Styrene-1,4-butadiene
block copolymer

Microcrystal/glassy state
of poly(1,4-butadiene)

Microcrystal/glassy
state of polystyrene

Ethylene oxide-ethylene
terephthalate block
copolymer

Microcrystal of PEO

Microcrystal of PET

Poly(methylene1,3-cyclopentane)
polyethylene block
copolymer

Glassy state/microcrystal of PMCP

Microcrystal of PE
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Linear polymer–polynorbornene
As an example, Norsorex is a linear, amorphous polynorbornene developed
by the companies CdF Chemie/Nippon Zeon in the late 1970s. The molecular
weight is as high as 3 million.53,54 The polymer contains 70–80 mol% translinked norbornene units and has a glass transition temperature between 35
and 45 ∞C.55, 56 The shape memory effect of this amorphous polymer is based
on the formation of a physical cross-linked network as a result of entanglements
of the high molecular weight linear chains, and on the transition from the
glassy state to the rubber-elastic state.57 The long polymer chains are entangled
and a three-dimensional network is formed. The polymer network keeps the
original shape even above Tg in the absence of stress. Under stress the shape
is deformed and the deformed shape is fixed when cooled below Tg. Above
Tg polymers show rubber-like behavior. The material softens abruptly above
Tg. If the chains are stretched quickly in this state and the material is rapidly
cooled again below Tg, the polynorbornene chains can neither slip over each
other rapidly enough nor disentangle. It is possible to freeze the induced
elastic stress within the material by rapid cooling. The shape can be changed
at will. In the glassy state the strain is frozen and the deformed shape is
fixed. The decrease in the mobility of polymer chains in the glassy state
maintains the transient shape in polynorbornene. The recovery of the material’s
original shape can be observed by heating again to a temperature above Tg.
This occurs because of the thermally induced shape memory effect.57 The
disadvantage of this polymer is the difficulty of processing because of its
high molecular weight.52
Segmented polyurethane
Segmented polyurethane is composed of three basic starting raw materials:
(a) long chain polyol, (b) diisocyanate, and (c) chain extender. Diisocyanate
and chain extender forms the hard segment. The long chain polyol is the soft
segment. These types of polyurethanes are characterized by a segmented
structure (block copolymer structure) and the morphology depends on the
chemical composition and the chain length of the soft segment (block). The
amount of the hard segment-rich phase affects the ratio of the recovery. A
low content leads to the recovery of the deformed specimen being incomplete.58
The recovery rate is influenced by the modulus ratio and the size of the
dispersed phase in the micro-morphology. Polyurethane with 20 or 25%
HSC does not show shape recovery because of weak interaction or physical
cross-links. On the other hand, polyurethane with 50% HSC does not show
shape recovery because of the interactions within the hard segment and the
resulting rigid structure. The maximum stress, tensile modulus, and elongation
at break increase significantly at 30% HSC, and the highest loss tangent is
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found typically at the same composition. Finally, 80–95% of shape recovery
is obtained at 30-45 wt% HSC.59 The typical textile application of SMPU is
as fiber, coating, lamination, etc.
Graft copolymer–polyethylene/nylon 6
High-density polyethylene (r = 0.958 g/cm3) grafted with nylon-6 that has
been produced in a reactive blending process of polyethylene (PE) with
nylon-6 by adding anhydride (bridging agent) and dicumyl peroxide shows
shape memory properties.60 The nylon contents of the blends are in the range
from 5 to 20 wt%. The melted PE/nylon-6 blend specimens are able to show
good shape effect under normal experimental conditions. An elastic network
structure is formed in these melted-PE/nylon-6 blends, and the nylon domains
(domain size less than 0.3 mm) dispersed in the PE chains in the matrix
region. The high crystallinity of PE segments at room temperature and the
formation of a network structure in these specimens are the necessary conditions
for their good shape memory effect. The nylon domains, which serve as
physical cross-links, play a predominant role in the formation of stable network
structure for the graft copolymer.

1.3.2

Potential use of shape memory polymer in smart
textiles

Use of functional properties
Some physical properties of SMPs, such as water vapor permeability, air
permeability, volume expansivity, elastic modulus, and refractive index, vary
significantly above and below Tg according to the difference in kinetic property
of molecular chains.61 The temperature dependency of water vapor permeability
is an important property to be considered for use in textiles (see Chapter 5).
One of the applications of moisture permeability in a thin film SMP is
sportswear. Moisture permeability in such a film becomes high above Tg and
low below Tg. The heat-retaining property of the film at low temperature and
gas permeability at high temperature are also excellent for sportswear. In
other applications, a coat using an SMP coating could sense and respond to
rain. The coating changes shape to keep the moisture out but will always be
comfortable to wear. When the weather becomes cooler, the coating responds
to keep heat inside.
The shape-deformable material used to control moisture permeability
consists of an elastomeric, segmented block copolymer, such as a polyether
amide elastomer or a polyurethane elastomer. The elastomeric polymer
provides the required force for dimensional change when the moistureabsorbing polymer softens and relaxes as a result of moisture absorption.
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The inclusion of a non-elastomeric polymer offers a degree of recovery
when exposed to humidity. The activation process for the shape-deformable
materials does not necessarily need an increase in the temperature of the
materials, which helps in preventing leakage from the absorbent product
with changes in temperature. In addition, by adjusting the chemical structure
of the shape-deformable polymer, a specific polymer can be tailored to
respond at a particular humidity level. These kinds of SMPs could be used
in disposable hygiene products such as diapers, training pants, and incontinence
products.62
Use of property change due to phase transformation
The crystal structure of a material at a particular temperature determines
many of its physical properties. During phase transformation, the crystal
structure experiences great changes. Some microscopic parameters, such as
the lattice parameter, the microstructure of the parent phase and the reverse
phase, change significantly. As a consequence, the elastic modulus, internal
friction, electrical resistance, and hardness change macroscopically.63 One
of the typical applications exploiting the changes between an SMP’s temporary
and permanent shape is a suture. The technique of keyhole surgery minimizes
wound size, speeds healing, and reduces the risk of infection. However, it is
extremely difficult to carry out dedicated surgical procedures accurately in a
confined space, such as implanting a bulky device or knotting a suture with
the right amount of tension. In the latter case, the problem is that if a knot is
pulled too tight, necrosis of the surrounding tissue can occur, but if it is too
loose, the incision will not be cured properly and scar tissue develops.64
A‘smart’ degradable suture using a SMP that ties itself into a perfect knot
has been developed by MnemoScience. The self-knotting action of a suture
occurs when the temperature is increased a few degrees above normal body
temperature. The suture can therefore be used to seal difficult wounds where
access is limited. The designed material is a multi-block copolymer, in which
block-building segments are linked together in linear chains. More specifically,
their polymer contains a hard segment and a ‘switching’ segment, both of
them having different thermal properties. One segment melts, or makes another
kind of transition, at a higher temperature than the other. By manipulating
the temperature and stress applied to the overall material, a temporary shape
is formed at one temperature, and a permanent shape at a higher temperature.
By increasing the temperature, the suture material shrinks, creating a knot
with just the right amount of tension applied on the surrounding tissue. It is
difficult to create such a knot in the confined spaces associated with endoscopic
surgery.
Having the physical property change during phase transformation means
that SMPs could be applied in various other product areas. End-users and
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engineers are evaluating applications as diverse as space appliances, toys,
implantable medical devices, building and construction products, recreation
goods, and industrial materials. Because their intrinsic shape-change property
can expedite set-up and demolding, SMPs are even being proposed for tool
manufacture. Table 1.2 summarizes the different properties of SMP applied
in different areas. The underlying idea is to use the change in the physical
properties (Young’s modulus, shape, dielectric constant, etc.) when the polymer
interacts with the changing environment.
Outdoor, casual, and sports wear
As discussed in the previous section, when SMPs change from a glassy state
to rubbery state, their elastic modulus, tensile, and elastic properties vary
Table 1.2 Summary of using shape memory polymers in other areas

Stress

5
3

4

e2

e2 e2
Strain

(See chapter 6 for
more details)

Storage E

Mechanical
energy
dissipation

1

Temp (∞C)

Storing of
responsive
energy

Custommade
utensils for
patients with
handicaps
Thermalinduced
contraction
films for
fixing, and
re-shaping
Insulating
material:
sound
isolation,
packing foams,
artificial blood
vessels, and
basic cosmetic
material

Sealing and
filling
construction
materials

A
Temp (∞C)

Application
areas
Army
uniforms
camping
materials, sport
suits, artificial
leathers or
skins, packing
materials,
bandages

Temperature
sensor

V

2

Shape recovery

Shape fixing

Temp (∞C)

Temp (∞C)

Light refractive
index n
n

Valves for
car engines,
medical
pipes

Properties

Volume
Air
expandability V permeability A

Application areas

E

Elastic
modulus E

Properties

Temp (∞C)
Dielectric strength

Restoring force for
changing shape
Anticoagulant
characteristics

Lens,
temperature
sensors,
optical fibers

Temperature
sensor

Wrinkleresistant
material for
textiles
Artificial
blood
vessels
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greatly, characteristics that are potentially useful for garments. For example,
when an SMP-based garment becomes creased during wear, and is then
washed at higher temperature, it could recover its original state (wrinklefree). Shape memory fabrics have recovered their original flat appearance,
and retained the original creases designed into them, after the fabrics have
been immersed in water.65
Films containing an SMP can be incorporated in multilayer garments,
such as those often used in the protective clothing or leisurewear. The SMP
recovers its original shape within a wide range temperature. This offers great
promise for making clothing with adaptable features. Using a composite film
of SMP as an interlining in multilayer garments is good for outdoor application;
the clothing has adaptable thermal insulation or thermal protection properties.
The U.S. Army Soldier Systems Center has developed64 a wet/dry suit with
an SMP membrane and insulation materials that keep the wearer warm in
marine environments but do not inhibit perspiration on land. Molecular pores
open and close in response to air or water temperature to increase or minimize
heat loss. Apparel could be made using shape memory fiber. Forming the
shape at a high temperature produces creases and pleats in such apparel
products as slacks and skirts. Other applications include fishing yarn, shirt
neck-bands, and cap edges.
The permeability of SMP-coated or laminated fabrics changes in response
to the weather, and as the wearer’s body temperature changes, to form an
ideal combination of thermal insulation and vapor permeability for both
underwear and outerwear. When the body temperature is low, the fabric
remains less permeable and retains body heat. When the body sweats, it
allows the water vapor to escape into the environment because its moisture
permeability becomes very high with increasing body temperature. This
releases heat from the apparel. Using a composite film of SMPs as an interlining
provides apparel systems with variable tog values to protect against a variety
of weather conditions. Sportswear should provide protection from wind and
weather, dissipate perspiration, and have excellent stretch and recovery
properties. SMPU fibers respond to external stimuli in a predetermined manner
and thus are useful in sportswear.

1.3.3

Medical textiles

Smart fiber
Metallic SMAs such as Nitinol are already used for biomedical applications
as cardiovascular stents, guide wires, as well as orthodontic wires.66–68 However,
the bio-inert and non-biodegradable properties of SMAs mean that they
remain in the body permanently and can lead to rejection. In addition, patients
implanted with the metallic shape memory medical devices will be permanently
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restricted in their ability to have nuclear magnetic resonance (NMR), computed
tomography (CT), and X-ray examinations. These disadvantages of SMAs
make non-metallic and biodegradable shape memory material possibly ideal
substitutes to make some fixative devices that need not have high modulus
and have to be taken out of the body when patients are healed. Since some
of the SMPs are biocompatible and biodegradable, as alternatives to the
SMAs, these SMPs not only can biodegrade in the body but also have better
properties over SMAs, such as easy shaping, adjustable degradation rate,
and shaper transition temperature. Therefore, degradable polymer implant
materials with a shape memory effect have been developed for applications
in biomedicine. These materials are particularly useful in medical and biological
applications. For example, any of a variety of therapeutic, prophylactic, and/
or diagnostic agents can be incorporated within the polymer compositions,
which can locally or systemically deliver the incorporated agents following
administration to a patient. Representative examples include synthetic inorganic
and organic compounds or molecules, proteins and peptides, polysaccharides
and other sugars, lipids, and nucleic acid molecules. Several kinds of
biodegradable SMPs have been reported since 1995. The SMP also can be
used to prepare articles of manufacture for use in biomedical applications,
for example, sutures, orthodontic materials, bone screws, nails, plates, meshes,
prosthetics, pumps, catheters, tubes, films, stents, orthopedic braces, splints,
tape for preparing casts, and scaffolds for tissue engineering, contact lenses,
drug delivery devices, implants, and thermal indicators.
As has already been noted, researchers at MnemoScience have developed
an SMP fiber that ties itself into a perfect knot. Features of the MnemoScience64
polymer material include its compatibility with other components, shape
retention properties, response to light, retention of two shapes in memory,
high shape fixity, high shape recovery, and its ability to form temporary and
permanent shapes. SMPs that are both compatible with the body and
biodegradable upon interaction with physiological environment have been
studied by Langer and Lendlein and their team to produce scaffolds for
engineering new organs and coronary stents.69–71 Such stents could be
compressed and fed through a tiny hole in the body into a blocked artery.
Then, the warmth of body would trigger the polymer’s expansion into original
shape. Instead of requiring a second surgery to remove the SMPs, the polymer
would gradually dissolve in the body. Others reported that the development
of biodegradable materials suited for polymers will serve biomedical
applications such as stents, catheters, and sutures.
The use of sutures has been reported by Lendlein and Kelch.71 The process
involves making a loose knot with the suture in a wound. In that paper a test
was carried out: activation occurred at 41 ∞C, and then the suture attempted
to revert to its original linear shape. This tightened the knot in 20 seconds to
a force of 1.6 N in vitro, and to 0.1 N in a laboratory animal. The force was
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said to be sufficient to ensure healing without causing necrosis to surrounding
tissue by being too tight or formation of scar tissue from being too weak. The
self-tying suture is targeted at minimally invasive procedures such as endoscope
surgery, where incisions might be too small to easily permit manual suturing.
After reaching body temperature the implant can assume its stored permanent
shape relevant for the application. After a defined period of time the device
is degraded. Using this technique a second surgery to remove the implant
can be avoided. Designing degradable SMPs includes selecting suitable
netpoints, which determine the permanent shape, and net chains, which act
as switching segments. Furthermore, appropriate synthesis strategies have to
be developed. The risk of possible toxic effects of polymers can already be
minimized by selecting monomers that have been proven to be biocompatible.
A thermal transition of the switching segments in the range from room
temperature to body temperature is of great importance in biomedical
applications. Suitable switching segments to be implanted into SMPs can be
observed by the thermal properties of the already established degradable
materials, e.g. poly(e-caprolactone) with a Tm ranging from 20 to 61 ∞C,
depending on its molecular weight and the amorphous co-oligoesters of
diglycolide and dilactide with Tg values ranging from 35 to 55 ∞C. A precise
adjustment of the respective thermal transition can be reached either by
variation of the segment length or by variation of the co-monomer ratio of
the polymer.
Surgical protective garments
SMP-coated or laminated materials can improve the thermophysiological
comfort of surgical protective garments, bedding, and incontinence products
because of their temperature-adaptive moisture management features.

1.3.4

Application in other aspects

Currently, the main applications of SMPs are in the medical field. However,
since SMPs are not expensive to produce, their applications could be easily
broadened to other areas. Such applications range from commercial premises
to private households. At one level is the potential for aircraft to change
shape while in flight. The implications for use in changing aircraft performance
are immense. For example, one R&D group for the U.S. Department of
Defense has started a Morphing Aircraft Structures program, which developed
two wings designed to give 150% or more shape changes during flight. In
more conventional fields, work is under way to apply SMPs as manufacturing
aids. One approach is that automotive parts are supplied in compact shapes
for assembly in difficult-to-fit areas. When equipped, the parts would be
channeled to an activation mechanism that triggers the shape recovery.
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Automobile parts include headlamp components and ductings are
proposed.
The shape memory product is required to be a non-reactive plastic in
general, such as polyurethane or polyester thermoplastic elastomer. These
adapt to form in various ways, especially via melt processing, including
extrusion, and injection molding. General application of SMPs on some
products is listed in Fig. 1.7, and their forms in application are shown in Fig.
1.8. As well as textile products, the material may be compounded with fillers
and pigments, or in the form of fibers, foam, solution, etc., without interfering
the shape memory properties for specific application.

1.4

Prospects for shape memory polymers

SMPs have been available since the 1980s. Development has brought advances
in other novel smart materials and material systems such as ionic polymers,
magneto/electro-rhological fluids, and shape memory composite alloys. All
these materials change to a useful predefined shape in response to stimuli.
This in turn, injects a dynamic parameter into the design stage that can
enhance product performance and quality under changeable environments.
To maximize the design potential of SMPs, they must be invented in innovative
ways. Traditionally, engineers work with passive design – the structures are
predictable and fabricated from materials having set properties. Now, engineers

Textile & apparel products

Adhesives
Medical devices
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application
Consumer products
such as spoons for
disabled people,
straws

Cosmetics

Toys

Choker tube
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damping
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1.7 General applications of shape memory polymers.
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1.8 Application forms of shape memory polymers.

must design products based on changes affecting the products and must
ensure none of them causes a failure.
Despite this great development in SMPs, to date, only a few of these
applications have been implemented, partly because only a few SMPs have
so far been largely investigated and even fewer are available on the market.
Extensive innovations can be anticipated because of the interesting economical
prospects that have already been realized for the shape memory technology
within a short time period. Besides other stimuli, such as light or electromagnetic
fields, the two-way shape memory effect will also play a prominent role in
future developments. Examples that illustrate the tremendous potential of
the shape memory technology are polymer systems with shape memory
properties which have specifically been developed for medical applications
by applying modern methods of polymer chemistry and biomaterial science.
These developments have resulted in available intelligent polymers with
tailor-made properties. Degradable SMPs provide interesting advantages over
metal implants. On the one hand, follow-on surgery to remove the implant
can be avoided, and on the other hand such medical products can be introduced
into the body by minimally invasive procedures through a small incision. In
this way, patients benefit from a more gentle treatment and costs in healthcare
can be reduced. In this sense, shape memory implant materials have the
potential to replace the SMA medicinal products in the future.
Modern variations on the classic turn-of-the millennium SMPs react to
other stimuli other than thermal change. It is predicted that SMP features
could be engineered into nearly all polymers by the late 2020s, for example,
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automobile fenders could be bent back into their original shape by the right
amount of heat; multi-form solid furniture could be transformed into a shape
accommodating different users by simply pressing a button.71 Wide applications
of such materials need considerable efforts from various industries.
Investigation of the potential properties of the materials and their applications
will be the subject of further study.
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2
Preparation of shape memory polymers

This chapter will provide readers with a detailed description of the structure
of shape memory polymers (SMPs) with an emphasis on the mechanism of
the shape memory effect and the unique molecular structure behind it. The
thermal-mechanical properties of SMPs are also described. Key issues in the
preparation of SMPs are reviewed and, finally, their preparation for use in
the medical field.

2.1

Structures of shape memory polymers

2.1.1

Hard and soft segments

An elastomer can be said to have shape memory functionality if it can stay
in the deformed state in a temperature range that is relevant for a particular
application. This unique property can be acquired by using the network chains
as a kind of molecular switch. If temperature is designed to trigger the
transformation, the flexibility of some segments should be a function of
temperature. However, the shape memory effect is not related to a specific
material property of a single polymer, but is realized from a combination of
the polymer structure and its morphology. Shape memory behavior is a result
of the appropriate structure/morphology combination. Chapter 1 briefly
described SMPs as composed of incompatible hard and soft segments distributed
at a molecular level to form a micro-phase separated structure and netpoints,
which form either a soft or a hard micro-phase domain. The hard micro-phase
is a hard segment-rich micro-domain, which is generally semi-crystalline or
physically cross-linked and imparts stiffness and reinforces the material
(controlling the mechanical properties of the SMP). The soft segment-rich
micro-phase, which is responsible for the thermo-elastic behavior of the
polymer, is usually amorphous with a glass transition temperature, or semicrystalline with a melting temperature. A large, reversible change in elastic
modulus across the transition temperature (Ttrans) makes shape change and
shape retention possible.1 At temperatures above Ttrans, the chain segments are
28
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flexible, but below this thermal transition the flexibility of the chains is at
least partly limited. In the case of a transition from the rubber-elastic or
viscous state to the glassy state, the flexibility of the entire segment is limited.
If the thermal transition chosen for fixing the temporary shape is the melting
point, strain-induced crystallization of the switching segment can be initiated
by cooling the material that has been stretched above the Ttrans value.2
Crystallization is a complex phenomenon characterized by many interrelated
factors. The intrinsic nature of the crystallizing substance is critical for
crystallization. The speed at which nuclei grow into crystals is defined by the
rate of crystallization. This rate depends on the concentration of the solute in
the solution. In general, a more concentrated (more supersaturated) syrup
will crystallize faster than a less concentrated syrup. The rate of crystallization
is slow at a higher temperature and becomes more rapid at a lower temperature.
If the crystal-forming nuclei are distributed by agitation, the crystallization
rate is also increased.
The crystallization achieved in an SMP such as polyurethane (PU) is
always incomplete, which means that a certain number of the chains remain
amorphous. The crystallites formed prevent the segments from immediately
reforming the entangled structure and from spontaneously recovering the
permanent shape defined by the netpoints. The permanent shape of shape
memory networks is stabilized by covalent netpoints, whereas the permanent
shape of the shape memory thermoplastic is fixed by the phase with the
highest thermal transition at Tperm. Polymers such as polynorbornene, transpolyisoprene, styrene–butadiene copolymer, crystalline polyethylene, some
block copolymers, ethylene–vinyl acetate copolymer, and segmented
polyurethane have been characterized as having a shape memory effect.
Among them, shape memory polyurethane (SMPU) has been particularly
widely studied and used.1–16

2.1.2

Phase separation

In terms of thermal properties, the incompatibility between the soft and hard
segments can be related to the difference in their glass transition temperatures.
However, the shift to a higher Ta (melting of crystalline polyol) indicates
that regions of considerable phase mixing exist. Although the hard and soft
segment domains in a two-phase system can behave independently, each
displaying characteristic thermal and mechanical behavior, a mixed hard
segment–soft segment region exists in the transition zone between the two
types of domain.
It will be shown in Sections 3.1 and 3.3, using dynamic mechanical analysis
(DMA), that the soft segment has little effect on the Tg of the hard segment.
However, increasing hard segment content HSC depresses the phase separation
of the soft and hard segments and enhances their compatibility. This leads to
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an increase in Ta and storage modulus. The degree of phase separation in the
copolymer can be related to the crystallization of the soft segment (see
Section 3.1). It implies that the chemical bonding between the polyol and the
urethane block restricts both the phase separation and crystallization of the
polyol segments. In Section 3.5, the degree of separation can further be
visualized using Raman spectroscopy (RS). The degree of depolarization
shown by RS highlights the change in molecular orientation of the hard
segment with various HSC. The data from RS can be compared with that
from the DSC measurement to show the efficacy of using Raman scattering
in this respect.

2.1.3

Crystallinity

The properties of textile fibers are determined by their chemical structure,
degree of polymerization, orientation of chain molecules, crystallinity, package
density and cross-linking between individual molecules. Polymer crystallinity
is one of the important properties of all crystalline or semi-crystalline polymers.
Semi-crystalline polymers have both a crystalline and an amorphous form such
that they exhibit short-range as well as long-range ordering of macromolecular
chains. Both types of ordering contribute towards the degree of crystallinity
of the polymer. An understanding of the order and structure in semi-crystalline
SMPs, using techniques such as differential scanning calorimetry (DSC), wide
angle X-ray diffraction (WAXD), and IR spectroscopy, is essential for designing
these materials for various applications and predicting their properties.
The presence of crystalline and amorphous regions together in a semicrystalline polymer is illustrated in Fig. 2.1. The schematic representation
presumes that the ordered and disordered domains are intermingled with no
demarcation between the two regions. The ordered and disordered portions
shown in the figure can be related to the crystalline and amorphous regions
observed at molecular level. The ordered regions in a polymer’s physical
structure are called crystalline regions.
Crystals and their crystalline states can be characterized in terms of many
physical parameters, such as density, enthalpy, and free energy change on
heating. A crystal is defined as having an ordered 3D structure. In a semicrystalline polymer, 100% crystallinity is never obtained since, in a real
polymer piece, there are large interfacial regions where a disordered structure
is present. A perfect 3D order requires that the structure repeats itself in all
directions so that, by describing the structure locally (in a repeating 3D unit
cell), the entire structure can be uniquely described.
Based on the findings of thermal analytical techniques such as DSC and
WAXD, the differences between polyester and polyether-type PUs mainly
depend on the chemical structure of polyol, the interaction between the soft
and hard segments, and the degree of phase separation. These differences are
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Amorphous region

2.1 Schematic representation of the superstructure of a semicrystalline polymer.

the cause of different crystalline structures. Crystalline samples have an
anisotropic structure. The size and concentration of crystallites are different
for different PUs. The differences in polarizing microscopy (POM) images
for different samples of PUs are discussed and compared in Chapter 3 together
with the results from DSC and WAXD in terms of the melting of crystallites.
For partially crystalline systems the ordered hard segment phase is thought
to be composed of fringed lamellar domains. Figure 3.25 in Chapter 3 shows
the way that the ordered hard segments align in domains. Direct visualization
of the domain morphology has been attempted using transmission electron
microscopy (TEM). The use of staining successfully enhances image contrast.
Results from DSC in Section 3.1 indicate that the hard segment does not
form a pure crystalline structure. In fact, some soft segment is dissolved into
the hard segment domains and alters the hard segment packing. This suggests
that a minimum amount of HSC is needed in order to ensure the physical
cross-linked sites are sufficient to present good mechanical properties. The
effect of the hard segment on the crystallization of the soft segment is selective
as shown by WAXD data in Section 3.2. The crystallites growing along some
directions will be depressed sharply by the hard segment. This interaction
between the hard and soft segments, and the type of polyol, causes the
degree of crystallinity to decrease.
Generally, some basic principles are observed for preparing SMPs. The
following are considered essential according to the literature and the Shape
Memory Textile Center’s research results:
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∑ The separation of soft segment and hard segment must be sufficient for
phase separation; the higher the phase separation, the better the shape
memory effect.
∑ The hard segment content must be sufficient so that it can act as the
netpoints in the polymer.
∑ For the crystalline polymer, the soft segment should have enough crystallites,
resulting in the polyols having a regular molecular chain and sufficiently
high molecular weight.
∑ The total molecular weight of the polymer should reach a sufficient quantity.
The prepared polymer based on the above principles will have good phase
separation, adequate modulus, good mechanical properties, and good shape
memory effects. A suitable preparation method is also important. For example,
PU is usually prepared by using a prepolymerization process. This method
results in the uniform size distribution of hard segments. The segment
arrangement and its phase-separated structure have a dominant influence on
the properties of the final PU. Although many papers have been devoted to
PU studies, the understanding of the relationship between the properties of
prepolymers and PUs is still incomplete. According to Sanchez-Adsuar
et al.,17 the properties of the prepolymer determine such properties of the
final PU block copolymer as adhesion when the amount of hard segment is
small. The chain extension step determines the PU block copolymer structure
and properties when there is a large amount of hard segment.

2.1.4

Free volume

Shape memory material is used for developing functional products (see Section
1.3.3). As an example, in addition to their thermomechanical properties SMPs,
demonstrate significant change in other physical properties such as moisture
permeability above and below the Ttrans. As a result, one potential application
of SMPU is to develop breathable fabrics. PU has a large number of micropores of sufficiently large size to allow the penetration of perspiration molecules,
but small enough to prevent water droplets going through the fabric. Water
vapor can easily escape from the body surface to the environment, while
water droplet penetration is prevented, because the diameter of water vapor
molecule is about 0.4 nm, but the diameter of a water droplet is about 1000
–200 000 nm. From the ‘comfort, of wearing point of view, high water vapor
permeability is required for physiological comfort. Such moisture permeability
cannot be obtained with general non-porous polymer films. Film permeability
plays an important role in making successful breathable textiles. SMP films
have significant potential since a significant change in thermomechanical
properties occurs across the Ttrans. Based on the Ttrans set at room temperature,
the SMP has low moisture permeability below the Ttrans, and has high moisture

Preparation of shape memory polymers

33

Equilibrium
liquid volume

Polymer volume

Non-equilibrium Extra holeliquid volume free volume

Hole-free
volume

Interstitial
free volume
Occupied
volume

Tg
Temperature

2.2 Characteristics of the volume of a polymer.

permeability above Ttrans. This behavior can be used in SMP-laminated textiles
that could provide thermal insulation at cold temperatures and high permeability
at room temperature or above.
Based on free volume concepts, two types of volume can be considered to
exist in matter, namely occupied volume and free volume, the latter allowing
mobility of the atoms (segments) (Fig. 2.2). The fractional free volume (Fv)
is the ratio of the free volume to the total volume. The existence of free
volume holes in polymers has been proposed to explain the molecular motion
and physical behavior of their glassy and liquid states. This theory has been
widely used in polymer science because of its simplicity in understanding
many polymer properties at a molecular level.
In polymers, diffusion of molecules is considered to occur through the
voids (free volume) and other such gaps between the polymer molecules.
Therefore, the rate of diffusion will depend to a large extent on the size of the
diffusion molecules and size of the gaps available. Over the years, there have
been several developments in the free volume theory. In particular, there are
a number of theories to explain the diffusion process in polymers. In this
respect, the simplest theory of free volume is the one by Fujita, which owes
its origin to the free volume theory of Cohen and Turnbull.18 Fujita extended
the free volume theory of diffusion to account for the dependence of the
diffusion coefficient (D) on the concentration of diffusing molecules in
polymeric membranes.19,20 This theory assumes that the molecular diffusion
rate depends essentially on the difficulties with which the polymer chains
switch their positions with diffusion molecules, so that the mobility of the
polymer chains depends on the amount of free volume in the matrix and thus
relates the diffusion coefficient to the fractional free volume of the system.
According to Fujita’s theory, the diffusion coefficient varies exponentially
with the fractional free volume of a polymer at constant temperature, which
can mathematically be expressed as:
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D = Ad exp(–Bd/Fv)

(2.1)

Here, the parameter Ad depends mainly on the size and shape of the diffusive
molecules and Bd on the minimum volume required for the displacement of
diffusive molecules in the system. It is clear from equation (2.1) that D
increases as free volume increases.
Although the diffusion coefficient may depend on many issues, the free
volume of the polymer is among the most important. The solubility coefficient
also depends on this parameter as well. Thus, it should not be surprising that
the permeability coefficient for a given gas in a series of polymers can be
reasonably well correlated in terms of free volume. Indeed, extensive work
has shown the utility of an expression of the following form:
P = A exp(–B/Fn)

(2.2)
21

where A and B are constants for a particular gas. Therefore, the permeability
of small penetrants through a membrane increases as fractional free volume
of the membrane increases. It is well known, however, that many properties
of polymers, such as volume, enthalpy, modulus, and heat conductivity, will
change rapidly at the phase transition temperature, that is, the glass–rubber
transition (Tg) and the crystal melting point (Tm).
Based on Fick’s law, the rate of transfer through unit area of a section F(x)
is proportional to the concentration gradient measured normal to the section,
i.e.

F( x ) = – D ∂C
∂x

(2.3)

where C is the concentration of diffusing substance, and x is the space coordinate normal to the section.
If D is not a function of concentration, integration across the membrane
thickness l gives:
F( x ) =

D( C1 – C2 )
l

(2.4)

where C1 and C2 are the concentrations of penetrant at high and low-pressure
faces of the membrane surface, and l is the membrane thickness.
The flux F(x) can be rewritten as the total amount of diffusing substance
Q, passing through an area of the membrane, A, after a period of time, t.
D( C1 – C2 )
Q
=
At
l

(2.5)

Based on the testing standard ASTM E96-00, water vapor transmission rate
(WVT) could be expressed as follows:
WVT =

Q/ t
A

(2.6)

Preparation of shape memory polymers

35

Therefore, equation (2.5) becomes,
WVT =

D( C1 – C2 )
l

(2.7)

Comparing with equation (2.1), the WVT could be expressed as
WVT =

C1 – C2
¥ Ad exp (– Bd / Fv )
l

(2.8)

Therefore, if l keeps constant, WVT will depend on both (C1 – C2) and Fv.
The increase in Fv with temperature will lead to the increase in WVT.
Based on free volume theory, a relationship between permeability coefficient
(P) and fraction free volume could be expressed as follows:

P = A exp – B
Fv

(2.9)

ln P = ln A – B
Fv

(2.10)

where A and B are constants for a particular gas.21
In exploiting the vapor permeability of SMPU, two ways could be used to
develop temperature-sensitive polyurethane (TS-PU). One way (Approach A
in Fig. 2.3) is to set the glass transition temperature, Tg, of the polymer in the
desired temperature range. The sharp change in free volume could result in
a significant change in water vapor permeability (WVP) of the membrane
above and below the Tg (Approach A). Another way is to set the crystal
melting temperature of soft segment (Tms) in the expected temperature range.
The shape change in free volume could lead to the significant change in

Approach A – UP with
amorphous phase

Approach B – PU with
crystalline phase

T > Tm

T > Tg
Chain mobility enhanced

Crystal melting and chain
mobility enhanced

Increased free volume leads to more paths for penetration

WVP of the membrane increasing

2.3 Ways to prepare TS-PU.
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WVP of the membrane in the crystal melting temperature range (Approach
B). Both of the two approaches are shown in Fig. 2.3. Hayashi and coworkers22–27 followed approach A to prepare TS-PUs. However, the resulting
PU was not temperature-sensitive. As a result, at the Shape Memory Textile
Center approach B was chosen to develop a TS-PU. The TS-PU will be
prepared through controlling the crystalline properties of the PU.
The structure–property relationship discussed above, the type of polyol,
the length of the molecular chain of the polyol, the ratio of NCO/OH, the
degree of phase separation and other factors will affect the crystal melting
temperature of the soft segment. Likewise, the degree of crystallinity (w)
may affect the changing rate of WVP of TS-PU membrane. High crystallinity
will trigger the large increase in WVP. In addition, hydrophilic segment
content may affect the water vapor transport properties of TS-PU. High
hydrophilic segment content may lead to higher equilibrium water sorption
and water vapor permeability. An experiment to measure the free volume in
SMPs is described in Section 3.10. Detailed study of the WVP of PU membranes
is presented in Chapter 5.

2.1.5

Design criteria for creating a shape memory effect

Shape memory behavior can be observed in various polymer systems which
are significantly different in molecular structure and morphology. In the
investigation of shape memory effect, it is well known that the shape memory
behavior is not only related to the molecular structure and morphology, but
is also dependent on the applied processing method as well.28 The study of
shape memory effect of various SMPs requires several kinds of investigative
methods, such as cyclic tensile investigation,29–31 strain recovery tests,8,32
bending tests,33,34 and shrinkage determination of heat-shrinkable products.35
Figure 2.4 shows a general approach for producing a shape memory effect.
A temporary shape can be fixed after processing and the permanent shape
subsequently can be recovered from the temporary shape when triggered by
the external stimulus such as heating to a certain temperature.

Permanent
shape

Temporary
shape

Programming

Permanent
shape

Recovery

2.4 Schematic representation of processing of shape memory effect.
(Source: Lendlein and Kelch, 200228.)
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Several polymer systems have been reported to possess shape memory
properties such as cross-linked polyethylene, trans-polyisoprene (TPI),
poly(styrene-co-butadiene), poly-norbornene, polyethylene/nylon-6-graft
copolymer, and cross-linked polyethylene-poly(vinyl acetate) copolymer. Since
the 1960s, polyethylene (PE) covalently cross-linked by ionizing radiation
was found to possess shrinking properties with the stimulus of heat
and began to be gradually and widely used in electric wires and cables
because it could store large deformations that can be recovered on application
of heat.36,37
In its molecular structure, the molecular chains are entangled and can be
categorized into crystalline regions and amorphous regions. Ionizing radiation
can induce the cross-linking structure and formation of a 3D network,
particularly in amorphous regions. Crystalline regions appear to retain the
deformed temporary shape when the film is cooled down below the melting
point of crystalline regions. Heating the film above the melting point of
crystalline regions removes the restraint on shape recovery. The original
shape is recovered, owing to the cross-linking structure and the entropy
elasticity. Here, ‘memory effect’ means that irradiated cross-linking PE
remembers its original irradiated structure though it is deformed.
In the late 1970s, amorphous poly-norbornene with the molecular weight
of 3 ¥ 106 was initially used as an SMP.38,39 The poly-norbornene containing
70–80 mol% of trans-linked norbornene units has a glass transition (Tg) at
30–40 ∞C used as switching temperature and a physical cross-linking network
owing to the entanglement of the high molecular weight chains. When the
stretched sample is cooled below Tg rapidly enough, the freezing of temporary
deformation will be applicable because the relaxation time for disentangling
is much longer than that for stretching and cooling. After that, the shape
recovery can be observed with heating above the switching temperature.
Some co-polymer systems such as poly(styrene-co-butadiene),40 polyethylenepoly(vinyl acetate) copolymers,11 polyethylene/nylon-6-graft copolymer,8 and
ethylene oxide–ethylene terephthalate segmented copolymer41 were also found
to have a shape memory effect for their specific molecular structure.
Presently, the most readily available SMP is (SMPU), which has aroused
much attention since the Nagoya Research and Development Center of
Mitsubishi Heavy Industry (MHI) developed a series of functional polymers.13
Foremost among the reported microscopic structures of segmented SMPU
systems is the two-phase heterogeneous structure, consisting of a rigid fixed
and a soft reversible phase as shown in Fig. 2.5. According to the mechanism
of shape memory effect, the reversible phase, where the melting or glass
transition temperature of the soft segments provides the transition temperature
(Ttrans), is used to hold the temporary deformation. The fixed phase relates to
the hard segments covalently coupled to the soft segments. The fixed
phase inhibits plastic flow of the chains by having physical cross-linkage
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Tperm > T > Ts

Shape A

Tperm > T > Ts

Shape B

Tperm > T > Ts

Ts > T

Force

Tperm > T

Trigger

Shape A

2.5 Schematic representation of the molecular mechanism of the
thermally induced shape memory effect for segmented polyurethane
(Ts: Tm of soft segment).

points between them that are responsible for memorizing the permanent
shape.29,32–34,42
In the linear segmented PU system, the strong intermolecular force among
hard segments results from their possessing high polarity and hydrogen bonding
among hard segments because of the presence of urethane and urea units.
The hard segment phase with the highest thermal transition temperature
(Tperm) acts as the physical cross-link and controls the permanent shape.
Heating above the highest thermal transition point, the physical cross-links
among hard segments will be destroyed. The whole molecular chains therefore
melt and can be processed with traditional processing techniques such as
extrusion, injection, or blow molding, in which the permanent shape can be
formed easily by cooling.
As far as the effect of microstructure on shape memory properties is
concerned, the shape memory effect of PU is significantly influenced by the
hard segment content and the moiety of its molecular structure. When cooling
below Tperm and above the glass transition or melting point of soft segments
of SMPU, the SMPU is still kept relative soft and readily deformed but
cannot flow because of the physical cross-links. In this temperature range,
temporary deformation such as stretching or compressing can be easily
undertaken. By continuously cooling the SMPU below the glass transition or
melting point of the soft segments, the soft segments under glass status or
crystalline state begin to restrain the movement of the molecular chains and
keep the material relative rigid with high modulus at two or three orders
higher than that in the previous stage, so as to fix the deformed shape.
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Reheating above the glass transition (Tg) or melting point (Tm) of soft segments
but below Tperm can increase the physical mobility of molecular chains and
simultaneously induce the shape recovery due to the entropy elasticity. The
original shape will be recovered and the entropy lost will be regained.28 In
term of the fixity function of the SMPU, it can be found that the soft segment
phase fixes the temporary shape, acting as a molecular switch that dominates
the variation of transition temperature and the extent of fixity of temporary
deformation. The soft segment content, its molecular weight, and morphological
structure thus play significant role in the SME.29,34 When conducting research
on SMPU, it is found that these parameters are paramount in controlling the
shape memory property in general. This in turn provides a means to control
the measurable shape recovery and shape fixity ratio, in particular.

2.2

Synthesis of shape memory polymers

2.2.1

Synthesis of shape memory polyurethanes

About 20 years ago, Hayashi of MHI developed a shape memory segmented
PU copolymer, which has become the most familiar shape memory polymer.
Among various SMPs, the SMPUs made by Diaplex Company have made
great progress because of the following advantages: the forming processes
used for other thermoplastic polymers could be used with this group of
SMPUs; the shape recovery temperature could be set at any value within
50 K around the room temperature; there is a wide range of mechanical and
optical properties, and useful water vapor permeability properties at
temperatures above and below Tg. Based on these advantages, SMPUs have
been developed for use as self-repairing and smart materials or biomaterials.
Kim and Kim43 also synthesized polyester urethanes with a hard segmentdetermining block of 4,4¢-diphenylmethane diisocyanate (MDI) and 1,4butanediol by using the pre-polymer method. The highest thermal transition
corresponding to the melting temperature of the HS determining blocks was
found to be in the range between 200 and 240 ∞C. The switching temperature
for the shape memory effect varied between 44 and 55 ∞C depending on the
weight fraction of the switching segments and the molecular weight of the
polycaprolactonediols. Jeong et al.44 also reported on a semi-crystalline,
segmented thermoplastic PU with the Tg of the amorphous phase as the Ttans.
They employed mesogenic moieties in the HS phase to enhance the modulus
of the material.
In addition to the above research work, a series of patents and associated
papers about SMPU have been filed and published. To date (2006), about 60
research papers have been published in international journals. And more
than 10 research groups have been studying SMPs, mostly based on
polyurethane. More than 20 patents about SMPU have been applied for,
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mostly based on film, foam, article, fiber and fabrics. Figure 2.6, displays
the development of SMPU.
As far as the morphology of segmented PU is concerned, the main difference
from conventional PU elastomer is that there is micro-phase separation structure
in SMPU. The mechanism of the thermally induced shape memory effect of
these materials is based on the formation of phase-segregated morphology.
The formation of stable hard segment domains acting as physical cross-links
above Tperm is responsible for the permanent shape. Tperm may be the melting
temperature of the hard segment (Tmh) or the glass transition temperature of
the hard segment (Tgh), depending on different molecular structures (hard
segment content and molecular regularity of the hard segment). Above this
temperature, polymer melting occurs in the same way as with conventional
polymers. Ttrans is either a melting temperature (Tms)30 or a glass transition
temperature (Tgs).45,46 In the case of Tms , a relatively sharp transition is
found in most cases, while Tgs glass transitions always extend over a broad
temperature range. A mixed glass transition temperature between the glass
transition of the hard segment and the soft segment may occur in the cases
where there is not sufficient phase separation between the hard segment and
the soft segment. A mixed glass transition temperature can also act as a
switching transition for the thermally induced shape memory effect.
Usually, linear PU systems are synthesized according to the pre-polymer
method. In this process, isocyanate-terminated pre-polymers are obtained by
reaction of difunctional, hydroxy-terminated oligoesters and -ethers with an
excess of a low molecular weight diisocyanate. Subsequently, through a
chain extension reaction, low molecular weight diols or diamines are added
as chain extenders to further couple these pre-polymers to form the linear,
phase-segregated polyurethane or polyurethane–urea block copolymers. The
typical molecular structure of such a PU is shown in Fig. 2.7. The required
phase separation morphology is obtained using this method.
Through the introduction of different hard or soft segments, an SMPU
will take on other properties, for instance high water vapor permeability, biocompatibility, and biodegradability; these may enlarge its potential range of
application and improve its performance as a smart material.45,47 In the
center’s study, the ionic group was incorporated into SMPUs by using a
chain extender containing ionic moiety such as N-methyldiethanolamine
(NMDA) or dimethyl propionic acid (DMPA) with the solution polymerization
method. After the synthesis of segmented SMPUs, the ionic moiety in the
SMPU molecular chain was neutralized using counter-ion to ionize the ionic
groups. In this way, SMPUs with ionic groups within hard segments can be
prepared (seen in Chapter 4), which also offers a new way to control shape
memory function.
The study of SMPU composites, which are composed of SMPU with
glass fibers or nano-materials (carbon nanotube, nano-CSi) or conducting
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Tm series

Tg series
Patent
Komiya Kyosuke, 1989,
JP1282209 shape
memory polyurethane

S. Hayashi, 1991–1992,
5098776, etc. 6 US
patents (foam, fiber,
fabrics, article and film)

M. Suzuki, 1999,
5956066, Shape memory
resin for print

Paper
S. Hayashi,1992, Shape
memory polyurethane

S. Hayashi, 1996–1997,
General shape memory
polyurethane including
the study of variation of
free volume and
hydrogen bond shape
memory model

L. W. Chen, 1998–1999,
shape memory polymer,
PTMG based UP series

D.R. Ciarlo, 2000, 6102933,
Release mechanism
G. Ken, 2000, Nanoutilizing shape memory
carbon/shape memory
polymer material
polymer Hayashi, 2001,
shape memory foam and
thermo-mechanical model
V.A. Topolkaraev et al.
US66664436, US664335,
US6627673, SMPU for
medical; US6583694,
G. Ken, 2002–2003,
shape memory foam;
Shape memory nanoUS6533987, preparing
composite and the
SMPU by
investigation of shape
electromagnetic
memory polyurethane
radiation
B. C. Chun, 2001–2003,
Blending shape memory
polyurethane, copolymer
or new materials such
as phenyl-diisocyanate

J.L. Hu et al, 2003, Influence
of processing conditions on
microstructure and
properties of shape
memory polyurethane
membrane

S. Hayashi, 2003, shape
memory foam
Abrahamson ER, 2003,
elasticity modulus model

W. M. Huang, 2004, On
the effect of moisture in
a polyurethane shape
memory polymer

Patent
R. Langer 6338043, 2002
Medical shape memory
polymer US 6160084,
2000 PCL series for
biodegradable shape
memory polymers

J. L. Hu et al. PRC palent
CN1706997A, 2004
Preparation method of
shape memory fibers by
shape memory
polyurethane;
PRC patent
CN1706998A, 2004
Preparation of shape
memory fibers;
PRC patent
CN1648143
Shape memory
polyurethane for
preparing shape
memory fabrics

Paper
M. Xu et al., 1996, shape
memory polymer

M. Xu et al., 1998, shape
memory polymer

H. M. Jeong, 2000–2001,
blending SMPU with
PVC, phenoxy resin

R. Langer, Science, 2002,
Copolymer PCL blend
with Oligo(p-dioxanone)
diol

G. Zhu, 2003, The
investigation of
crosslinked PCL

J. L. Hu, 2004,
Effect of crystal melting on
water vapor permeability
of shape memory
polyurethane film

J L Hu, 2005,
Crosslinked shape
memory polyurethane;
Dependency of shape
memory effect on the
thermo-mechanical
cyclic conditions

J. W. Cho et al., 2005,
Electro-active shapememory polyurethane
composites
incorporating carbon
nanotubes

J. L. Hu, 2006,
Effect of ionic groups
content on shape
memory effect in shape
memory polyurethane
ionomer

A. Lendlein, 2005, The
biodegradable,
amorphous copolyesterurethane networks
having shape-memory
properties

2.6 Flowchart showing the development of shape memory
polyurethane.
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H—[O—(CH2)5—CO—]n—O—R~~~~OOCHN—R¢—NHCOO—R≤—OOCHN—R¢—
Soft segment
(Polyol)

Hard segment
(Diisocyanate + extender)

2.7 Polyurethane with micro-phase separation structure.

carbon black, has shown that not only can the shape memory effect be
retained in such materials, but novel functions, such as higher recovery
stress, improvement of the mechanical weakness, and electric conductivity,
can be realized as well.31,48–50
As for the pattern of external stimulus, except for the typical heating to
the switching temperature, some novel trigger methods have been reported,
such as remote ultraviolet light activation,51 electro-activation,52 and remote
activation with infrared irradiation,48 to activate the shape recovery in the
SMP with a specific molecular or configuration design.
The choice of soft segment and hard segment depends on the molecular
structure design according to the application requirement such as the melting
temperature of the soft segment, glass transition temperature of the soft
segment, mechanical properties of segmented PU, light fastness or other
required property. Usually, the soft segment can be composed of either polyether
(PTMG (poly(tetramethylene glycol)) or PPG (poly(propylene glycol)).
Polyester (PEA (poly(ethylene adipate))) or PCL (poly(e-caprolactone)) can
be used for their low polarity. The hard segment can consist of diisocyanate
(MDI), IPDI (isophorone diisocyanate), TDI (toluene diisocyanate), HDI
(hexamethylene diisocyanate)) and extender (BDO 1,4-(butanediol), HD
(hexane-diol), DMPA and NMDA) for the high polarity of formed urethane/
urea group. In some special molecular designs, HDI was used to make up
part of the soft segment, and DMPA or other extenders were introduced into
the hard segment.45 It is worth noting that a key difference between the soft
and hard segments is the polarity. Together with the difference in molecule
polarity, the strong hydrogen bonding function between carbonyl groups and
amine groups in the hard segment can induce phase separation which will
cause the formation of a soft and/or hard domain.
In some cases, with the incorporation of multi-functional (such as three
hydroxyl groups) extenders, a cross-linking structure can be introduced into
the molecular chain, improving the mechanical properties of SMPU. In our
study, some SMPUs were synthesized using a pre-polymerization method
with a cross-linking agent. A series of SMPUs composed of polycaprolactone
diol (PCL) 4000, BDO, DMPA, triethylamine, and MDI were synthesized.
The glycerin or excess MDI was applied to form a chemical cross-linking
structure in the SMPU. Thermal cyclic tensile testing showed that crosslinked SMPUs possess better thermal and thermomechanical properties together
with the shape memory effect.
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One of the specific synthesis processes is as follows: A-500 ml roundbottom, four-necked separable flask equipped with a mechanical stirrer, nitrogen
inlet, thermometer, and condenser were used to prepare the SMPUs. First,
PCL-4000 (3 mmol), MDI (6 mmol), and 80 ml DMF (N, Ndimethylformamide) were charged to the dried flask and reacted for about
2 h at 80–85 ∞C; Then, DMPA (2 mmol) and MDI (2 mmol) were successively
added, and the reaction maintained at the same temperature for another 2 h.
After that, BDO (5 mmol) and MDI (8 mmol) were added and the mixture
left for 2 h. Finally glycerin (3 mmol) was added to achieve the cross-links
over a 1 h period. A neutralization reaction was then carried out at 50 ∞C for
0.5 h using triethylamine (2.2 mmol). The solid content of the product was
about 15–20%. The related properties have been reported recently.53

2.2.2

Synthesis of polyurethanes with temperaturesensitive water vapor permeability

In our study, a series of polyurethanes with temperature-sensitive water vapor
permeability were been prepared using five types of polyol as soft segment
and varied hydrophilic poly(ethylene glycol) 200 (PEG-200) content. The
five polyols were poly(butylene adipate) 2000 (PBA-2000), polycaprolactone
2000 (PCL-2000), poly(hexylene adipate) 2500 (PHA-2500), poly(ethylene
adipate) 2200 (PEA-2200), poly(tetramethylene glycol) 2000 (PTMG-2000).
HDI and polyol made up the soft segment of each PU, while MDI, PEG-200
and chain extender BDO made up the hard segment. Because PBA-2000,
PHA-2500 and PEA-2200 were polyester-type polyols, the resulting PUs
belonged to the polyester-based polyurethane (PES-PU) group.
PTMG-2000 was also used to prepare polyether-based polyurethane (PETPU), and PCL-2000 was used to prepare polycaprolactone-based polyurethane
(PCL-PU). These materials are summarized in Table 2.1. Their chemical
structures are described in Fig. 2.8. A schematic of the synthesis process is
illustrated in Fig. 2.9.
A 500 ml round-bottomed, four-necked separable flask equipped with a
mechanical stirrer, nitrogen inlet, thermometer, and condenser with drying
tube was used as the reactor. Polyurethanes were synthesized by solution
polymerization in DMF under dry N2. For example, for PBA-15-PU, the
purified polyol PBA-2000 was reacted with HDI at 60 ∞C for 2 h at 80 ∞C in
the presence of dibutylin dilaurate (one drop) as a catalyst. DMF was added
to the reactor occasionally when the viscosity of the reaction mixture became
too high. Then, PEG-200 and MDI were fed into the reactor sequentially and
reacted for another 1 h at 80 ∞C. Finally, BDO was fed by drops into the
reactor at 60 ∞C and reacted for 1 h. The final polymer concentration in DMF
was about 20 wt%. The feed mole ratio of NCO/OH was kept at 1.0/1.0. The
schematic segmental formulas are shown in Fig. 2.10.
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Name

4,4-MDI
HDI
PCL-2000
PBA-2000
PTMG-2000
PHA-2500
PEA-2200
PEG-200
1,4-BDO
DMF
DBTDI

Chemical structure

CH2(C6H4NCO)2
OCN(CH2)6NCO
HO[2(CH2)5COO] nH
HO[2(CH2)4OCO(CH2)4COO]nH
HO[2(CH2)4O] nH
HO[2(CH2)6OCO(CH2)4COO]nH
HO[2(CH2)2OCO(CH2)4COO]nH
H(OCH2CH2)nOH
HO(CH2)4OH
(CH3)2NCOH
C32H64O4Sn

D (g/ml)
(25 ∞C)
1.18

1.127
1.016
0.948

Mn

Supplier

250
168
2024
2089
1953
2511
2218
207
90

Huntsman Corporation
Institute of Chemical Research, Wuxi, China
East China University of Science and Technology
The same as above
The same as above
The same as above
The same as above
Pudong Gaonan Chemical Factory, Shanghai
Chemical Testing Solution Co., Shanghai
Feida Ltm. Co., Shanghai
Special Testing Solution Center, Shanghai
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Table 2.1 Material properties and their sources

Preparation of shape memory polymers
Polyols
∑ Poly(butylene adipate) 2000 (PBA-2000)
O
O
HO

O

(CH2)4
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(CH2)4

C

C
n

(CH2)4

OH

∑ Poly(hexylene adipate) 2500 (PHA-2500)
O
HO

O

(CH2)6

O

O
(CH2)4

C

C
n

(CH2)6

OH

(CH2)2

OH

∑ Poly(ethylene adipate) 2200 (PEA-2200)

O
HO

O

(CH2)2

O

O

C

(CH2)4

C
n

∑ Poly(tetramethylene glycol) 2000 (PTMG-2000)
HO

(CH2)4

O

H
n

∑ Polycapralactone 2000 (PCL-2000)
O
H

O

C

(CH2)5

OH
n

Diisocyanate
∑ Hexamethylene diisocyanate (HDI)
OCN

NCO

(CH2)6

∑ Diphenyl methane 4,4¢-diisocyanate (MDI)

OCN

CH2

NCO

Hydrophilic segment
Poly(ethylene glycol) 200 (PEG-200)

HO

(CH2)2

O

H
n

Chain extender
1,4-Butanediol (1,4-BDO)

HO
CH2

OH
CH2

CH2

CH2

Others
∑ Catalyst – dibutyl tin dilaurate (DBTDI)
∑ Solvent–N,N-dimethylformamide (DMF)

2.8 Materials for SMPU synthesis.
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Step three
BDO
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Pre-polymer

Pre-polymer

Mix

PU

Polyol
PEG

2.9 Process flow diagram of PU synthesis.

Five crystalline polyols with Mw = 2000 were selected to act as a crystalline
soft block in the TS-PU. The soft segment contents were 48, 58 or 68 wt%.
PEO-200 contents were 10, 15 or 20 wt%. This series of semi-crystalline
types of polyurethane with variable crystal melting temperature of soft segment
(Tms), different degrees of crystallinity, and varied hydrophilic segment content
were used to investigate the influence of Tms, w, and hydrophilic segment
content on water vapor transport properties of TS-PU.

2.2.3

Ordinary polyurethane and shape memory
polyurethanes

The properties of ordinary polyurethanes (e.g. from HDI and BDO) are
similar to polyamides. Polyurethane is composed of two basic materials.54
These include diisocyanate and either short chain glycol, long chain polyether,
or polyester glycol. The PU made by short chain glycol and diisocyanate has
multiple hydrogen bonding55 between the —NH— and —OC— groups,
which results in high hardness and strength, and a low degree of solubility.
PU obtained by the reaction of long chain, non-crystalline, unbranched, OHfunctional polyethers or polyesters (which do not contain free or low molecular
weight glycols) with stoichiometric amounts of diisocyanates contains about
4–7% urethane groups.56 The intermolecular forces for polyether and polyesterbased PU are weak van der Waals. As a result, hardness and strength are
comparatively low and the PU exhibits rubber-like properties. Both types of
products have only one phase. Ordinary PU is important in producing crosslinked hard products such as rigid foams and non-textile coatings.
Segmented polyurethanes can show shape memory properties. SMPUs
are composed of three basic starting materials: (a) long chain polyether or
polyester polyol, (b) diisocyanate, and (c) diol or diamine (chain extender).
Diisocyanate and chain extender are hard segment materials. Long chain
polyol is a soft segment material. These types of polyurethane are characterized
by a segmented structure (block copolymer structure) and the morphology
depends on the chemical composition and the length of the segment (block).
The SMPU has a micro-phase separated structure due to the thermodynamic
incompatibility between the hard and soft segments (see Fig. 2.11). Hard

Polyol: HO—R1—OH
PEG 200: HO—R2—OH
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Soft segment

= long chain diol,

Hard segment

= short chain diol,

= diisocyanate,

= urethane group

2.11 Schematic illustration of the structure of segmented
polyurethane.

Soft segment

Hard segment

Heat

2.12 Deformation of shape memory polyurethane (SMPU) network
structure by heat.

segments can bind themselves via hydrogen bonding and crystallization,
making the PU very solid below the melting temperature of the hard segments.
The reversible phase transformation of the soft segment is considered
responsible for the shape memory effect. The shape memory effect can be
controlled via the molecular weight of the soft segment, the mole ratio
between the hard and soft segments and the polymerization process.46 Typical
textile applications of SMPs are as fibers, coatings, etc.
Ordinary PU cannot completely restore its original shape once inelastic
deformation has take place. In contrast, SMPUs can recover most of their
original length (shape) even after a large amount of deformation through a
micro-Brownian movement triggered by heating to the temperature above
the transition temperature, which is caused by the entropy elasticity and the
netpoints among hard segments.
Further mechanisms of shape memory effect, structure, and properties of
such polymers have been studied. The shape memory effect of segmented
PU is due to the network structure formed by hard and soft segments. The
hard segments are formed by the reaction of diisocyanate with low molecular
weight diols or diamine (chain extender). On the other hand, soft segments
are formed by polyol (oligomer). The micro-phase separation of these two
dissimilar blocks produces regions of hard segment congregation (domains)
which act as cross-link points for the soft blocks (see Fig. 2.12). The network
structure can be easily deformed above the transition temperature (Tg or Tm
of soft segments) to give a temporary shape, which can be fixed by cooling
to a temperature below the transition temperature. Subsequently, the recovery
of original shape can be triggered by heating.13,14,29,44,46,57,58
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Polyethylene terephthalate (PET) and its copolymers
One type of SMP consists of linear, phase-separated block copolymers with
a hard segment-forming phase based on PET and switching segment blocks
of poly(ethylene oxide) (PEO). The highest thermal transition is the melting
point of the PET blocks at 260 ∞C. The thermally induced shape memory
effect is triggered by the melting temperature of the PEO crystallites and can
be varied between 40 and 60 ∞C depending on the molecular weight of the
PEO blocks or the PET content. The crystalline fraction of the switching
segments increases as the molecular weight of the PEO blocks grows.
Simultaneously, the melting temperature of the PEO blocks increases as
their molecular weight increases. The crystallization of the PEO blocks becomes
more and more hindered as the weight fraction of PET increases. As a
consequence, the melting temperature of the switching segment with the
same molecular weight decreases in the case of a polymer with an increased
content of hard-segment-determining PET blocks. Stretching a sample at a
temperature near the melting temperature of the PEO segments results in the
crystallites of the PEO segments becoming parallel oriented. To investigate
the strain recovery rate the samples were stretched above the melting point
of the PEO crystallites at 58 ∞C, cooled, and heated again with a heating rate
of 1 K/min. The shrinkage observed upon heating increases with an increasing
molecular weight of the PEO segments up to strains of 100%. After reaching
a maximum at a strain of around 150%, the observed shrinkage decreases
again. The series of block copolymers investigated here shows improved
strain recovery rates if the weight fraction of PET increases. This behavior
is explained with the formation of more stable physical bonds in the better
aggregated PET blocks. The temperature at which the highest recovery rate
can be observed is the so-called recovery temperature. This temperature is
observed in the range of the melting temperature of the PEO switching
segment.
Polyethylene (PE) grafted with nylon-6 that has been produced in a reactive
blending process of PE with nylon-6 (by adding maleic anhydride and dicumyl
peroxide) shows shape memory properties. The nylon-6 content of these
materials is between 5 and 20 wt%. Nylon-6, which has a high melting
temperature of around 220 ∞C, comprises the hard segment, forming domains
in a matrix of semi-crystalline PE. These domains form stable physical
netpoints. The switching temperature for the thermally induced shape memory
effect is given by the melting point of the PE crystallites of 120 ∞C. The PE
crystallites act as molecular switches. Strain fixity rates of around 99% and
strain recovery rates between 95 and 97% have been determined for these
materials for an elongation of 100%. For nylon-6 contents of between 5 and
20 wt%, no definite influence of the nylon content on the shape memory
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properties can be found. The highest recovery rate has been determined to be
at 120 ∞C, which is in the range of the melting temperature of the PE crystallites.
Trans-polyisoprene
H

CH2 ]n
C

[ CH2

C
CH3

Another semi-crystalline shape memory polymer is trans-polyisoprene (TPI),
a polymer with Tm at 67 ∞C and degree of crystallinity near 40%, which
undergoes facile cross-linking with peroxides. Below Tm the cross-linked
TPI has a three-dimensional network, which is connected by both chemical
cross-links and the crystalline regions. Above Tm the crystalline phase melts
to become amorphous, with only the chemical cross-links remaining to maintain
the primary shape with a rubber-like modulus. This primary shape is the
form of the material at the time of chemical cross-linking by peroxide cure,
normally occurring near T at 145 ∞C for 30 min followed by cooling to room
temperature, during which time crystallization occurs. As with PS-TPB block
copolymers, elastic deformation of cross-linked TPI can be performed by
heating the polymer above T = 80 ∞C, and this deformed secondary shape
may be fixed by cooling-induced crystallization. The deformed shape returns
to the primary form upon heating above 80 ∞C. To the present, several research
group have carried out the study of TPI, among which, Song et al.59 studied
the affection of the catalyst, cross-linking (sulfur) to the shape memory
properties of TPI.
Polystyrene–polybutadiene
Block copolymers of polystyrene (PS) and trans-polybutadiene (TPB) with
minor PS content offer an alternative approach to shape memory with a
distinct mechanism of strain fixation and recovery triggering. While microphase-separated domains of the PS block are amorphous with Tg of 93 ∞C,
the continuous TPB phase is semi-crystalline with Tg of –90 ∞C and Tm of
68 ∞C. Because of the immiscibility between PS and TPB blocks below
120 ∞C, the copolymer forms a micro-domain structure with elastic rheological
characteristics above the TPB melting temperature, with the PS phase serving
the role of physical cross-linking. Thus, reversible deformations can be fixed
by crystallizing the TPB phase below about 40 ∞C and recovered to the
stress-free state (shape memory) upon heating above 80 ∞C to melt the TPB
phase and free the elastically deformed material to recover strain.
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Poly(vinyl chloride)
Poly(vinyl chloride) (PVC) can be heated under a vacuum, which results in
the elimination of hydrogen chloride in a thermal dehydrochlorination reaction.
The material can be subsequently cross-linked in an HCl atmosphere. The
polymer network obtained shows a shape memory effect. Skakalova et al.60
have prepared a non-cross-linked PVC with a number-average molecular
weight of about 50 000 and subsequently cross-linked it. The degree of
dehydrochlorination varied between 0.6 and 86%. At the beginning of the
dehydrochlorination reaction a strongly cross-linked structure is formed.
Afterwards, an increasing degradation of the chains takes place that is
accompanied by a loss in the thermal and mechanical stability of the material.
The shape memory effect of the material was recorded on observing the
recovery of a sample, which had been compressed before, with an original
volume upon heating above the glass transition temperature of about 83 ∞C
by means of dilatometry. The highest relative increase in volumes is reached
by samples with a degree of dehydrochlorination of 12.9 and 22.5% at a
temperature of 100 ∞C. The very weakly dehydrochlorinated sample (degree
of dehydrochlorination of 0.6%) shows almost no recovery. Samples with a
degree of dehydrochlorination of 2.6 and 54.4% exhibit an increase in their
relative volume of 1.0.
Polyethylene and poly(vinyl acetate)
Polyethylene and poly(vinyl acetate)-based cross-linked poly(2-ethylene-co(vinyl acetate)) is produced by treating the radical initiator dicumyl peroxide
with linear poly(2-ethylene-co-(vinyl acetate)) in a thermally induced crosslinking process. Materials with different degrees of cross-linking are obtained
depending on the initiator concentration, the cross-linking temperature, and
the curing time. The gel content of the obtained cross-linked materials can be
used as an estimate of the degree of cross-linking. The co-monomer vinyl
acetate, which is randomly incorporated into poly(ethylene-co-vinyl acetate)
by copolymerization, causes a decrease in the melting temperature of
polyethylene crystallites relative to the PE homopolymer. A copolymer having
a vinyl acetate content of 28 wt% shows a melting temperature of 70 ∞C for
the polyethylene crystallites. The cross-linking does not significantly influence
the melting temperature.
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The reduction of the carbonyl groups along the polyketone chain, by
means of NaBH4 in THF/MeOH media, is an efficient method for partial or
complete conversion into the corresponding poly(ketone-co-alcohol)s. Variable
amounts of randomly distributed carbohydroxyl groups have been obtained
for three different families of polyketone materials: propene/CO and hex-1ene/CO copolymers, and alternating olefin/CO terpolymers from ethene and
propene. This reduction method provides a simple tool for tailoring material
properties such as glass transition, polarity, and mechanical behavior.
Polycyclooctene
More recently, Liu et al.61 have reported experimental investigations on the
preparation and shape memory characterization of chemically cross-linked
polycyclooctene (PCO). The PCO was synthesized from cis-cyclooctene to
have a high trans double bond content. This polymer was subsequently
chemically cross-linked with variation in cross-link density to form a semicrystalline thermoset SMP. Liu et al. describe the resulting thermal, mechanical,
and micro-structural properties, which depend on the extent of cross-linking,
and give additional attention to the excellent shape recovery characteristics
of cross-linked PCOs especially the rapid rate of strain recovery. While neat,
linear PCO does not exhibit shape memory effect owing to the lack of a
rubbery plateau above melt transition temperature, a small amount of peroxide
cross-linking (1%) imparts shape memory effect to PCO. In the case of PCO
containing either 2.5 or 5% peroxide, complete shape recovery occurs within
0.7 s at 70 ∞C.
A few more SMPs are described to end this section. Covalently crosslinked copolymers made from stearyl acrylate, methacrylate, and N,N¢methylenebisacrylamide as a cross-linker exhibit a shape memory effect.
The thermal transition triggering the shape memory effect is the melting
point of the crystalline domains formed by the stearyl side chains. The
content of stearyl acrylate varies between 25 and 100 mol%. The melting/
switching temperatures Ttrans for the shape memory effect are found between
35 ∞C for a stearyl acrylate content of 25 mol% and 50 ∞C for pure stearyl
acrylate cross-linked by N,N¢-methylenebisacrylamide. The temporary shape
is programmed by stretching the sample at 60 ∞C and then cooling. The
permanent shape will be recovered if the polymer sample is heated above the
switching temperature.
ABA triblock copolymers with a central poly(tetrahydrofuran) block (B
block) with number-average molecular weights between 4100 and 18 800
and equipped with terminal poly(2-methyl-2-oxazoline) blocks (A block)
with molecular weights of 1500 are obtained by cationic ring-opening
polymerization. The A blocks exhibit glass transition temperatures around
80 ∞C and represent the hard-segment forming phase. The polytetrahydrofuran
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blocks are semi-crystalline and exhibit a melting temperature between 20
and 40 ∞C, depending on their molecular weight. These melting temperatures
are used as switching temperatures for a thermally induced shape memory
effect. As the thermal data of the two different segments do not differ
significantly from the values of the respective homopolymers, one can assume
that the material shows micro-phase separation. The materials with
poly(tetrahydrofuran) blocks having a molecular weight greater than 13 000
exhibit very good mechanical strength at room temperature. In contrast to
pure poly(tetrahydrofuran), the block copolymer materials show elastic
properties and incomplete softening even above the melting temperature of
the poly(tetrahydrofuran) segments. This observation is interpreted as the
formation of a network with physical cross-links by the poly(2-methyl-2oxazoline) blocks. These blocks solidify below 80 ∞C to form a glass.
Multiphase copolymer networks are obtained by radical copolymerization
of poly(octadecyl vinyl ether)diacrylates or -dimethacrylates with butyl acrylate.
The octadecyl side chains can crystallize because of the phase separation.
The poly(octadecyl vinyl ether)diacrylates used in the synthesis have numberaverage molecular weights of around 5000. The poly(octadecyl vinyl ether)
contents are between 20 and 100 wt%.

2.3

Preparation of shape memory polymers for
medical uses

2.3.1

Readiness of shape memory polymers for use in
medicine

Because of their unique performance, shape memory materials are, at the
moment, on the verge of commercialization for medical applications such as
catheters, bone casts, prosthetics, self-dilating introducers, and stents. In
recent years, there has been an increasing interest in shape memory
thermoplastic polymers, because it is easier to adjust their transition temperature
and because of their superior maximum deformation. The range of temperatures
for shape transition covers the human body temperature range. These attributes,
together with their proven biocompatibility, competitive price, and the ease
with which they can be synthesized, make SMPs exploitable for medical
applications.
For example, stimuli-sensitive implant materials offer tremendous potential
for use in minimally invasive surgery.47 Through a small incision in the
human body, degradable implants can be inserted in a compressed (temporary)
shape. When they are placed at the correct position, they obtain their applicationrelevant shape after warming to body temperature. After a defined time
period, the implant is degraded and becomes resorbed. In this case, followup surgery to remove the implant is not necessary.47,62,63 A group of implant
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materials with shape memory properties has already been developed for
biomedical applications. These implant materials in practice are not a single
polymer material having a particular constituent, but polymer systems exhibiting
variations of different ranges of macroscopic properties triggered by tiny
changes in their chemical structure. By tailor-making polymers of the same
family, a variety of different applications can be realized. In addition, the
polymers are prepared mainly from a few typical monomers used in the
synthesis of well-established biodegradable materials. Thermoplastic elastomers
and covalently cross-linked polymer networks have been prepared and
investigated.64 The synthesis of thermoplastic multiblock copolymers could
successfully be scaled up to the production of kilogram amounts in batch
processes. Presently, comprehensive in vitro investigations of tissue
compatibility have been performed.65 In cooperation with physicians and
biologists concrete applications have now been developed and tested in preclinical studies.
SMPs are also good candidates for use as thin films to coat the surface of
metallic biomaterials to inhibit the leakage of potentially toxic elements and
improve their biocompatibility, or merely for the required sterilization of the
device. This last process has been shown to be beneficial in preventing the
degradation of implant materials. The sterilization by gamma-irradiation of
PE showed no surface oxidative degradation after 16 years of implantation.
In fact, the gamma-irradiation of PE induced cross-linking, which is known
to have a significant effect on both mechanical as well as physical properties.
Thierry et al.66, 67 and others have shown that the sterilization could chemically
modify NiTi surface characteristics. However, the use of this technique remains
uncertain, as the obtained results were not reproducible. The coating of
nitinol devices with polymers by means of surface coating reactors (i.e.
radio-frequency or microwave plasma systems) may represent a very promising
alternative, although these new modified surfaces must be thoroughly
characterized and extensively studied.
In addition, shape memory membranes with a small variable size of free
volume also have many potential applications in medicine. An example is the
controlled release of medicine. Medicine sealed by the shape memory
membrane could be released only once it is in contact with an infection in
the body. Normally the temperature in the field of infection is higher than
that in normal tissue. The transmission rate of the medicine penetrant in the
membrane is low in the normal field of the body. When it enters the focus of
infection, the raised temperature will result in the increase in the transmission
rate of the medicine significantly so that a majority of medicine will enter
the focus of infection directly. This kind of controlled release will improve
the effectiveness of the medicine.
In platelet retention experiments, it has been shown that some polymers
from the PU family may be highly thrombogenic. PU segmented copolymers
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displayed excellent blood compatibility only when the PU soft segment was
polytetramethylene oxide, which suggested that a successful application was
possible only by selecting the specific PU polymer for a particular application.
On the other hand, following the introduction of PE as a soft segment, a lack
of biocompatibility was observed. Even though the incorporation of carboxylate
ion into PU reduced the deposition and activation of the adherent platelet,
Okkema and co-workers68 demonstrated that the carboxylate ion had no
statistically significant effect on platelet adhesion. Following the implantation
of polyurethane foam-covered implants, some authors observed the presence
of toluene diamine (TDA) in the patient’s urine. Exposure to TDA released
from the coating was known to cause cancer in animals, and for this reason
this type of implant was taken off the market in 1991.
In addition to the presence of additives, the issue of chemical stability is
of prime importance and must be carefully considered when designing an
SMP that will be suitable for implantation. While some polymers are known
to be chemically highly stable upon implantation in humans (e.g. poly(tetrafluoroethylene) (PTFE) and poly(ethyleneterephthalate), others may be
more susceptible to chemical degradation because of their intrinsic molecular
structure. Indeed, several polymers contain chemical moieties which may be
readily hydrolyzed or oxidized within the aggressive, physiological environment
of the human body. In other words, the chemical structure of an eventually
perfect shape memory that polymer displays all of the appropriate mechanical
characteristics must also meet the criteria for chemical stability to prevent
the failure of the SMP-made biomedical device. It must be borne in mind
that the biocompatibility of biomaterial depends on many parameters (both
intrinsic and extrinsic) and that it cannot be easily assessed. In addition, as
the expected duration of the implantation is directly related to the short or
long-term material’s ability to maintain its stability, the biocompatibility
must be a priority when selecting biomaterials for specific applications.
Ideally, biomaterials used as long-term medical implants must retain their
properties and functionality for the remainder of the patient’s life.
Despite their interesting properties, biomedical applications thus far of
SMPs have been limited. However, these materials represent a valid choice
in the new and exciting field of tissue engineering which has become a
serious alternative to the regeneration (rather than replacement) of diseased
tissues and even organs, that require the use of innovative scaffolds for initial
cell attachment and tissue development. These scaffolds must be biocompatible,
at times bioresorbable, and they must create the 3D network to which the
cells will attach and grow. An extensive summary of polymeric scaffolds was
presented by Agrawal and Ray,69 in which various scaffolds made of synthetic
biodegradable polymers such as poly(lactic acid)s (PLA) and poly(glycolic
acid) (PGA), and their copolymers (PLGA), were investigated. PLA was
considered scaffold material for the support of cell growth; however, it was
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found that this material was not chemically reactive enough. To overcome
this problem, many authors have proposed surface modification by introducing
reactive groups.
Many other polymeric scaffolds have been developed for tissue engineering
applications such as breast reconstruction, as well as the replacement and
regeneration of damaged bone and cartilage. For example, hydrogels have
been developed as scaffolding materials for use either in biomedical or tissue
engineering applications, such as peripheral nerve repair, because of their
appropriate mechanical properties, as shown by Kuo and Ma.70 In general,
tissue engineering requires that synthetic materials display carefully tailored
bulk and surface properties, and are specifically designed to function as
scaffolds to promote tissue growth and organization by providing a 3D
framework with characteristics that welcome favorable cell responses. More
specifically, SMPs will provide new challenges by exhibiting the appropriate
and required matching of their mechanical and micro-mechanical properties
to those of hosting and surrounding cells and tissue.

2.3.2

Synthesis of shape memory polymers for medical
uses

Based on crystallizable macrodiols, a series of biocompatible and
simultaneously biodegradable multiblock copolymers with shape memory
properties can be synthesized.47 These polymers are linear multiblock
copolymers that have a crystallizable hard segment (Tperm) of poly(pdioxanone)diol and switching segment-determining blocks which consist of
a crystallizable poly(e-caprolactone)diol segment. Thermoplastic elastomers
are synthesized via a co-condensation of two different macrodiols by means
of the bifunctional coupling agent 2,2(4),4-trimethylhexane diisocyanate.
The molecular parameters that determine this polymer system are the molecular
weight, the microstructure (sequence), and the co-monomer ratio of the
macrodiols as well as the HSC within the multiblock copolymer. HSC values
of the synthesized polymers range from 0 to 83 wt% and number average
molecular weights (Mn) are between 35 000 and 77 000 with polydispersities
around poly(e-caprolactone) diol. The thermoplastic elastomers obtained from
this synthesis process are elastic at room temperature and the elongation at
break is as high as ~1000% having elastic moduli E between 34 and 90 MPa.
The mechanical properties strongly depend on the HSC, their structure, and
morphology in general. Increasing the amount of poly(p-dioxanone) results
in a high stiffness polymer and a decrease in the corresponding strain.
A polymer system with an AB-polymer network structure has been developed
based on poly(e-caprolactone)diol as the component to form a crystallizable
switching segment. Accordingly, poly(e-caprolactone)diols have been
functionalized with methacrylate end groups that can undergo a polymerization
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reaction.28,63 n-Butyl acrylate is used as co-monomer owing to the low Tg of
pure poly(n-butyl acrylate) at –55 ∞C, and is supposed to determine the soft
segment of the resulting polymer network. The molecular weight of the used
poly(e-caprolactone)dimethacrylate cross-linker and the co-monomer content
of butyl acrylate represent the molecular parameters to control crystallinity
as well as switching temperature and mechanical properties. Without the
addition of an initiator, the process of cross-linking of the dimethacrylates
and butyl acrylate was performed via photopolymerization. The number average
molecular weights of the used poly(e-caprolactone)dimethacrylates were 2000
and 10 000. The cross-link density was varied by addition of 11 wt% to 90
wt% in case of the poly(e-caprolactone)dimethacrylate (Mn = 2000) and by
addition of 20 wt% to 71 wt% butyl acrylate for the poly(ecaprolactone)dimethacrylate (Mn = 10 000). Decreasing the content of butyl
acrylate, increases the cross-link density. The butyl acrylate content influences
the thermal properties of the AB network formed especially when the molecular
weight of the poly(e-caprolactone)dimethacrylate is 2000. Here, a melting
point at Tm = 25 ∞C can be observed only when a very low content of butyl
acrylate ~11 wt% is used. The corresponding homopolymer network of poly(ecaprolactone) dimethacrylate has a melting point at 32 ∞C. All the other
networks of this series were found to be almost completely amorphous in
nature. The melting point for the networks of butyl acrylate and poly(ecaprolactone)dimethacrylate with a number average molecular weight of
10 000 decreases with increasing butyl acrylate content. With increasing
butyl acrylate content, the mechanical properties of both materials containing
poly(e-caprolactone) segments with Mn of 2000 or 10 000 change significantly.
The values of E range from 0.5 to 71.0 MPa, the tensile strength ranges from
0.3 to 16.2 MPa, and the tensile stress at break ranges from 0.3 to 15.7 MPa.
They decrease by approximately an order of magnitude if the weight fraction
of butyl acrylate is increased up to 90 wt% in case of poly(e-caprolactone)
segments having Mn of 2000 and up to 71 wt% in case poly(e-caprolactone)
segments values for Mn of 10 000. The absolute values are one order of
magnitude higher for the series with the poly(e-caprolactone) segments having
Mn of 10 000.

2.3.3

Fibers in medical textiles

Fibers from natural origins, such as cotton, silk, and regenerated cellulose,
are mainly used in non-implantable materials. Synthetic fibers, such as
polyester, polyamide PTFE, polypropylene, carbon, and glass, are used for
implantable as well as high-performance products. Special fibers from a
variety of polymeric fibrous materials have been derived from natural polymers
(e.g. alginate, collagen, chitin, chitosan, polylactic acid, polypropiolactone,
polycaprolactone, and PGA), and are finding innovative medical applications
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owing to their biodegradability and biocompatibility. Fibers manufactured
from polyvinyl alcohol (PVA) resin are soluble in water at temperatures
above 93 ∞C. Fabrics produced from PVA are useful in certain medical
applications such as towels, sponges, and gauzes. Bioactive fibers are modified
synthetic fibers manufactured to resist and control the growth of potentially
harmful micro-organisms. They are produced by introducing an antibacterial
additive during the spinning stage.
Naturally derived, biodegradable polymers have received much attention
recently, not only because they have advantages in terms of waste disposal
and environmental friendliness, but also because of their use in the medical
field owing to their biocompatibility, bio-safety, and bio-absorbable
properties, which offers potential as a material or in technologies in drug
delivery systems.

2.3.4

Advanced medical textiles

Biofunctional materials are opening up new possibilities for the medical
textiles sector. Here, active substances are incorporated into the fiber by
chemical modification or applied to the fiber surface during the spinning
process. These additives are transferred to the skin by body moisture and
body heat with improved bioclimatic and hygienic properties, including:
∑
∑
∑
∑
∑
∑

protection to the skin from liquids, particles, and bacteria;
providing an effective barrier against germs, fungi, and risk of infection;
thermoregularity characteristics;
moisture and liquid absorption;
ease of laundering, sterilization, and antistatic behavior;
low level of textile chemicals and dyes with high mechanical stability.

Functional, 3D spacer fabrics can provide such attributes and are often
superior to conventional textile materials for medical applications, such as
bedding for preventing bed sores, orthopaedic casts, and bandages. New
fabrics are being developed to resist bacteria, mildew, stain, and odor for
healthcare applications. For example, anti-allergen finishing agents are used
on fabrics to provide relief to patients suffering from asthma and allergies
caused by dust mites.
Active substances can also be made available to the skin as an aqueous
solution by micro-encapsulation or by their insertion into water-adsorbing
network polymers, which are affixed to the fiber. Advanced processes also
offer the potential for the development of bioactive, drug-delivering textiles
and the controlled treatment of diseases.
Wound dressings that change color depending on the type of infection
present in a wound and ultimately bandages that release antibiotics when the
wound has become infected are nearing commercialization. Bacteria
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impregnated into the fibers of medical fabrics and made into drug-producing
or antiseptic bandages are also at the early stages of development.
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3
Characterization techniques for
shape memory polymers

This chapter reviews some characterization techniques used in the study of
shape memory polymers at the Shape Memory Textile Center, with emphasis
on identifying the unique properties possessed by this class of polymer.
Differential scanning calorimetry (DSC) and wide angle X-ray diffraction
(WAXD), are used to investigate the microstructures of the synthesized PU
samples. Dynamic mechanical analysis (DMA) is used to probe the thermal
properties of the polymers. The vibrational modes observed by Fourier
transform infrared spectroscopy (FTIR) and Raman spectroscopy will be
used to identify the major components in the PU samples, and to probe the
molecular orientation of the PU thin films, respectively. The molecular weight
of different samples when dissolved in solvent is measured and compared by
gel permeation chromatography (GPC). Surface morphology is then
characterized by polarizing microscopy (POM) and transmission electron
microscopy (TEM). Last, how positron annihilation lifetime spectroscopy
(PALS) is able to access the free volume of the PU samples is briefly described.
The equilibrium water sorption, water vapor permeability of SMPU membranes
with different chemical structures, and PALS result are discussed in detail in
Chapter 5.

3.1

Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a technique based on monitoring
the heat flux (power) to the sample against time or at various temperatures
in a specified atmosphere. In practice, it is the difference in heat flux to a pan
containing the sample and an empty pan.1 DSC is mainly used in polymer
research to measure three parameters:
∑ Glass–rubber transition temperature (Tg) determinations.
∑ Melting/re-crystallization temperature and heat (T m/T c and H f/H C)
determinations.
∑ Measurements on reacting systems (cure measurements).
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The Tg-value represents the temperature region at which the amorphous
phase of a polymer is transformed from a brittle, glassy material into a tough
rubber-like liquid. This effect is accompanied by a ‘step-wise’ increase of
the DSC heat flow/temperature or specific heat/temperature curve.
Semi-crystalline polymers generally melt over a wide temperature range.
This behavior is related to imperfections in the crystallites and non-uniformity
in their size: the smaller and/or less perfectly formed crystallites will melt at
lower temperatures. The endothermic fusion effect as measured by the DSC
is in many cases indicated by the temperature of the maximum heat flow (the
Tm value) and by the total heat involved in the fusion process (the DHf
value). A DSC melting peak is presented in Fig. 3.1(a), where the characteristic
temperatures of the peak are also illustrated. The subscripts i, p, and e refer
to the initial, peak, and end temperatures, respectively.2 The subscript m
denotes melting. Tim
¢ , the onset temperature, is the temperature at which the
first deviation from linearity of the sample baseline is observed. The extrapolated
onset temperature, Tim, is defined as the intersection between the tangent to
the maximum rising slope of the peak and the extrapolated sample baseline.
The melting peak temperature is denoted Tpm · Tem, the extrapolated end
temperature, is given by the intersection of the tangent to the maximum
falling slope of the peak and the extrapolated sample baseline. In the case of
multiple peaks the characteristic temperatures are defined as in Fig. 3.1(b).
The peak area between the curve and the baseline is proportional to the
enthalpy change (DH) in a polymer. This enthalpy change can be determined
from the area of the curve peak (A) by using the following relationship.3
DHm = KA

(3.1)

Tpm
T em
¢

Tim
¢

Tim

Tem

Temperature (K)
(a)

dH /dt/(arbitrary units)
Endo.

dH /dt/(arbitrary units)
Endo.

where m is the mass of the polymer specimen and K is a calibration coefficient
dependent on the instrument being employed for the measurements.
The characteristic glass transition temperatures of a polymer are defined
in Fig. 3.2. It is well known that the different thermal histories of specimens,
Tpm2
Tpm1

T em
¢

Tim
¢

Tim

Tem

Temperature (K)
(b)

3.1 Schematic representation of DSC curves in the region of a phase
transition and the characteristic temperatures: (a) melting endotherm
and (b) melting endotherm with multiple peaks.
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T eg
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Tmg

h/2

Tig
Temperature (K)

3.2 Schematic representation of a DSC heating curve in the region of
a glass transition and the characteristic temperatures.

such as the scanning rate of instrument, heating procedure of instrument, and
sample weights will have a strong influence on the Tg and Tm values. Therefore,
for this book, all the specimens were prepared and measured by the same
fabrication process.
The thermal properties of five types of polyols (as described in Section
2.2.2) were measured using a Perkin Elmer DSC7 and purged with nitrogen
gas. The specimens were scanned from –50 to 150 ∞C at a heating rate of
10 ∞C per minute. The weights of the specimens were within 10.5–12.0 mg.
The thermal properties of the PUs were measured by a TA DSC 2910 and
purged with nitrogen gas. The specimens were scanned from –150 to 200 ∞C
with a heating rate of 10 ∞C/min.
The thermal properties of the polyols were investigated using DSC according
to the method described in the previous section. The DSC curves are shown
in Fig. 3.3. Table 3.1 shows the onset temperature (Tim), peak temperature (Tpm),
end temperature (Tem), and heat of fusion DHf of pure polyols. It is evident
that the five polyols have higher degrees of crystallinities in their pure states.
However, the Tim, Tpm, Tem, and DHf values of these polyols are different.
Among these polyols, PEA-2200, PBA-2000, and PHA-2500 belong to
polyester-type polyols with different methylene groups, 2, 4, to 6 respectively
(the reader is referred to Section 2.2.1 for the naming of samples). With an
increased number of methylene groups, there is an accompanying increase in
melting temperature (Tim, Tpm, and Tem). PCL-2000 is different from polyester
polyol, but the chemical structure of PCL is similar to that of PBA. So the
melting temperatures of both the polyols are very close. PTMG-2000 belongs
to the polyether polyol with the lower melting temperature even lower than
that of the PEA-2200. The decreasing order of DHf in these polyols is PCL2000 > PTMG-2000 > PHA-2500 > PEA-2200 > PBA-2000. In addition,
double endothermic peaks for the melting for PEA and PTMG polyols indicate
the presence of two distinct crystalline zones in both polymers, which could
be ascribed to different degrees of ordering or size in the crystallites.4

Characterization techniques for shape memory polymers

65

PBA-2000
10000
PCL-2000

Endotherm

8000

PHA-2500

6000

PEA-2200

4000
2000

PTMG-2000

0
–50

0

50
Temperature (∞C)
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3.3 DSC results of five polyols.
Table 3.1 Thermal properties of the five polyols used in the center’s study
Sample

Tim(∞C)

Tem(∞C)

Tpm1(∞C)

PBA-2000
PCL-2000
PHA-2500
PEA-2200
PTMG-2000

29
27
37
27
4

59
60
67
57
42

55
56
61
40
15

Tpm2(∞C)

52
31

DHf(J/g)
81.30
115.99
106.97
85.87
115.63

Thermal properties of polyurethanes based on PBA-2000, PCL-2000, PHA25 000, PEA-2200, and PTMG-2000 are shown in Fig. 3.3. The melting
temperature data, including the onset temperature (Tim), peak temperature
(Tpm), end temperature (Tem), and heat of fusion (DHf), are listed in Table
3.2. The shift factor of peak temperature (DTpm) is obtained from the following
equation:
DTpm = Tpm–polyol – Tpm–PU

(3.2)

where Tpm–polyol is the peak temperature of polyol and Tpm–PU is the peak
temperature of the resulting PU. The result of DTpm is also listed in Table 3.2.
Increase of DTpm could be deduced qualitatively by the decrease in degree of
phase separation.
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Table 3.2 Thermal properties of polyurethanes
Samples

HSC
(wt%)

PBA-10-PU
PBA-15-PU
PBA-20-PU
PCL-10-PU
PCL-15-PU
PCL-20-PU
PHA-10-PU
PHA-15-PU
PHA-20-PU
PEA-10-PU
PEA-15-PU
PEA-20-PU
PTMG-10-PU
PTMG-15-PU
PTMG-20-PU

31
42
52
31
42
52
30
41
51
31
41
51
31
42
52

Tim
(∞C)
31
11
37
25
18
26
26
30
20
24
N/A
N/A
N/A
7
N/A

Tem
(∞C)
59
66
59
59
50
53
64
59
58
48
N/A
N/A
N/A
27
N/A

Tpm1
(∞C)
43
32
43
43
35
37
49
47
43
37
N/A
N/A
N/A
16
N/A

Tpm2
(∞C)

41

42

DH f
(J/g)

DTpm
(∞C)

33.19
26.81
82.82
47.68
26.46
21.20
45.17
35.82
14.64
12.00
N/A
N/A
N/A
1.483
N/A

12
14
12
13
21
14
12
14
18
15
N/A
N/A
N/A
15
N/A

It is clear that the DSC curves of the polyurethanes based on PBA-2000,
PCL-2000, and PHA-2500 (PBA-PUs, PCL-PUs, and PHA-PUs) feature
sharp endothermic peaks in the measured temperature range. Both the melting
temperatures (Tpm) and heat of fusion (DHf) of the copolymers are lower than
those of the related polyols. The Tpm values of all these PUs are 10–15 ∞C
lower than those of their related polyols, which are close to room temperature.
Among these PUs, the change in DHf between pure polyol and copolymer in
the PTMG-PU series is the most significant, while the change in the polyesterbased PU series, particularly PHA-PU, is not. With increasing PEG-200
content, the DHf of PBA-PUs decreases gradually. The same result could be
observed from PCL-PUs and PHA-PUs. Moreover, the shift factor of the
peak temperature (DTpm) varies with different PUs. DSC results also show
that no peak could be observed from the hard segment in these PUs.
Usually, the crystallinity of a polyol is depressed in segmented PUs. The
chemical linkage (connectivity) between the hard and soft segments restricts
the phase separation and crystallization of the soft segment, so the crystallinity
and rate of crystallization of soft-segment continuous phase in the resulting
PUs decreases and the glass transition temperature of PUs increases in
comparison with the corresponding pre-polymer. As a result, the restriction
of the crystallization of the soft segment depends on the hard segment
concentration, length of the soft segment, and total molecular weight of the
PUs.5,6
Some researchers7 presented a rationalization for the degree of phase
separation in segmented PUs that was related to the crystallization of the soft
segment. They proved that the presence of the soft segment melting endotherm

Characterization techniques for shape memory polymers

67

in the copolymer correlated with improved micro-phase separation. In other
words, the chemical bonding between the polyol segments and the urethane
blocks restricts both the phase separation and crystallization of the polyol
segments.4
On the other hand, DSC results show that the increase in PEG-200 content
results in decreasing the DHf of PBA-PUs, PCL-PUs, and PHA-PUs. This
behavior is connected with better phase compatibility after the increase of
PEG-200 content. On the one hand, PEG-200 in the multi-block PUs depresses
the mobility of the soft segment, which will interfere with the ordered
arrangement of polyol. On the other hand, PEG-200 can enter the soft segment
region and act as a plasticizer so as to increase the distance between soft
segment chains. Therefore, these two factors result in decreasing the crystallinity
of polyol and enhancing the compatibility of the resulting PUs.
For different polyol-based PU samples, the shift factor of the peak
temperature (DTpm) and the decreasing rate of DHf are different. As is known,
the extent of the interaction between the hard and soft segments, leading to
phase mixing or phase separation, together with the configuration of the
polyol are considered to be the major factors governing the occurrence of
crystallinity in the soft segment.8 Usually, the segregation rate depends on
the nature of the soft segment which decreases from hydrogenated
polybutadiene to polybutadiene, and eventually to polyether.9 The decreasing
order in the crystallinity was PHA > PBA > PEA in the segmented PU.10 The
same feature has been observed in this study. That is, PHA-PUs show higher
crystallinities and good phase separations, while PTMG-PUs show lower
crystallinities or have no crystallinity at all but good phase mixing. PTMG15-PU shows a very small peak around 10 ∞C, while PTMG-20-PU and
PTMG-10-PU have no strong peak, indicating that both PTMG-20-PU and
PTMG-10-PU are amorphous polymers.
In comparison with Jeong et al.’s results, 11 the Tpm of values the
polyurethaneurea (PUU) series have a range from 48.5 to 51.9 ∞C, which is
close to that of pure PCL-4000 (Tm of 53.53 ∞C was detected by Li et al.12).
The change in Tpm and DHf between the pure polyol and copolymer in the
center’s PU series is significantly larger than that in Jeong’s PUU series. So
the melting temperatures of the center’s PU samples are closer to the ambient
temperature range. For PU, the longer soft segment length results in a higher
degree of phase separation. So the crystallinity of the PCL-4000 used by
Jeong is better retained than that of our PCL-2000, which leads to a higher
Tpm and DHf. On the other hand, considerable improvement on the extent of
micro-phase separation was found in PUUs extended with ethyldiamine (ED)
compared with PU systems chain-extended with butanediol. This results
from the higher polarity difference between hard and soft segments and the
(likely) development of a 3D hydrogen-bonding network in the PUU series.
Therefore, a certain increased degree of phase mixing in our PU series leads
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to the decrease in Tpm. This will broaden the application of the materials in
more areas, such as the textile industry, medical field, and so on.
DSC results from the center show that the hard segment of the resulting
PU does not form a crystalline structure. Usually, some soft segments can be
dissolved in the hard domains and interfere with hard segment packing,
thereby, disrupting the hard segment hydrogen bonding. Li et al. proved that
the formation of hard segment domains becomes very difficult in polyurethanes
having a low hard segment content and a short hard segment length.12 There
is a lower limit of hard segment content (HSC) (about 10 wt%) and segment
length. Only when the HSC and segment length of a PU were above this
limit, did the PU have enough hard segment domains acting as physical
cross-links at temperatures above the melting point of the polyol crystals.
Based on the literature, some researchers proved that an endothermic peak of
the hard segment could be observed in PU-X2000/MDI/BDO (X refers to
PEA, PPG, PTMG, PBA, PCL) when the HSC was higher than 30 wt%.13–17
When the HSC is lower than 30 wt%, the endothermic peak of the hard
segment will disappear.10,12,13,18
In the center’s study, although the HSC of all PUs is higher than 30 wt%,
no endothermic peak of the hard segment was observed. The hard segment
was made up from PEG-200/MDI/BDO. Here, low molecular weight PEG200 is specially introduced into the mixed hard segment. It can be deduced
that the introduction of PEG-200 interferes obviously with the aggregation
of MDI/BDO, which depresses the crystallization of the hard segment.
Therefore, the presence of the soft segment and PEG-200 make the hard
segment unavailable, so the crystallization cannot occur.
In addition, for the polyester-based PU series, the morphology consists of
relatively pure hard and soft segment domains with a possible limited interaction
between the urethane groups and the polyol matrix at the interface. For the
PTMG-PU series, the morphology probably combines aspects of two models.
One may be characterized by the segments of polyol dispersed within the
hard segment and/or by the urethane group dispersed in the polyol matrix.
Another may involve the pure urethane and polyol domains separated by a
rather broad interfacial zone.7
In summary, the five polyols used in this book are crystallizable and of
different crystal melting temperature (Tm) and heat of fusion (DHf). The
resulting segmented polyurethane series exhibit a lower Tms and DHf than
those of the polyols. The crystal melting of these semi-crystalline PUs takes
place in the temperature range from –10 to 60 ∞C as desired. The chemical
bonding between the polyol segments and the urethane blocks restricts both
the phase separation and crystallization of the polyol segments. Meanwhile,
an increase in PEG-200 content results in the decrease of DHf of PBA-PUs,
PCL-PUs, and PHA-PUs. This behavior suggests that an increase of PEG200 content in the segmented PU can result in better phase compatibility and
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can depress the mobility of the soft segment, which will interfere with the
ordered arrangement of polyol.
The shift factor of peak temperature (DTpm) and the decreased rate of DHf
vary with different polyol-based PUs, which mainly depend on the different
degree of phase separations together with the configuration of the polyol.
Therefore, in this study, PHA-PUs show a higher crystallinity and good
phase separation, while PTMG-PUs show lower crystallinities or have no
crystallinity but good phase mixing. The Tm of our PU samples is lower than
that of Jeong’s PUU products. The low Tm of our PU series results from a
short soft segment length and a certain high degree of phase mixing. The Tm
of our PUs is close to ambient temperature range.
DSC results show that the hard segments of the resulting PU do not form
a crystalline structure, indicating that soft segments in the PUs can disrupt
the hard segment hydrogen bonding. The introduction of PEG-200 interferes
largely the aggregation of MDI/BDO. Thus, the presence of the soft segment
and PEG-200 can depress the crystallization of the hard segment.

3.2

Wide angle X-ray diffraction

Diffraction occurs when a wave encounters a series of regularly spaced
obstacles which are capable of scattering the wave and have spacing that is
comparable in magnitude to the wavelength of the radiation. X-rays have
high energy and wavelengths of the order of the atomic spacing for solids.
When a beam of X-rays encounters a solid, a portion of the beam is scattered
in all directions by the electrons associated with each atom that lies within
the path of the beam.
X-ray diffraction is carried out by using a diffractometer, illustrated
schematically in Fig. 3.4. Monochromatic X-radiation is produced by
bombarding a metal target with a beam of high-voltage electrons. The intensities
of the diffracted beams are detected by a counter mounted on a movable
carriage. Its angular position is measured in terms of 2q. As the counter
moves at a constant angular velocity, a recorder plots the diffracted beam
intensity as a function of 2q (the diffraction angle).
WAXD is useful for obtaining information about semi-crystalline polymers
with a range of inter-atomic distances from 0.1 to 5 nm.3 The size of crystals
can be determined from measurements of the relative intensities of the
diffraction peaks in the crystalline region. The crystallinity of a polymer and
the distance between the parallel planes in the crystallites could also be
calculated from WAXD.
It is well known that each chemical composition and crystallographic
structure produces a unique angular distribution of diffracted intensity. So
WAXD could be used to identify the degree of crystallinity and the size of
crystallites. To evaluate the relative change of amorphous region, one approach
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3.4 Schematic illustration of a typical diffractometer used in X-ray
diffraction studies.

is to connect the lowest points between the diffraction peaks with a smooth
curve such that the observed intensity is separated into crystalline and
amorphous phases. The area below the smooth curve is the amorphous
component. The crystallinity w is given by equation (3.3):

Ú s I ( s ) ds
w=
Ú s I ( s ) ds
2

c

(3.3)

2

where s = 2 sin q/l, Ic(s) is the intensity if crystal component, and I(s) is the
intensity of total component.19
The distance between the parallel planes in the crystallites d could be
determined by using the Bragg equation (3.4):
d = nl/2 sin q

(3.4)

where q is the incident angle, l is the wavelength of the radiation, and n is
an integer indicating the order of diffraction. Thus, each element emits its
own characteristic X-ray line spectrum, that is, have the same d value.20 The
data could be used to identify the structure of a polymer.
In the center’s study, WAXD traces were recorded in the D8 discover Xray diffractometer (Bruker Axs GmbH Karisruhe, Germany) at 40 kV and
40 mA, which was equipped with a Goebel mirror and CuKa radiation with
a wavelength of 0.1542 nm. Diffraction patterns were obtained in the range
of Bragg’s angle 2q = 5–40∞. The scan speed was 0.02 s/step.
WAXD has been performed on the five polyol samples. The data of Bragg
spacing and degree of crystallinity (w) are listed in Table 3.3. PBA-2000
shows several peaks at the measured angle range 5–45∞. The four prominent
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Table 3.3 Bragg spacing of the WAXD peaks for the five polyols and their related
polyurethanes
Samples

PBA-2000
PBA-10-PU
PBA-15-PU
PBA-20-PU
PCL-2000
PCL-15-PU
PCL-20-PU
PHA-2500
PHA-10-PU
PHA-15-PU
PHA-20-PU
PEA-2200
PEA-15-PU at 0 ∞C
PEA-15-PU at 21 ∞C
PEA-20-PU
PTMG-2000
PTMG-10-PU
PTMG-15-PU at –10 ∞C
PTMG-15-PU
PTMG-20-PU

Distance between parallel lattice planes (nm)
1

2

3

4

0.503

0.410
0.419
0.418
0.417
0.404
0.405

0.398

0.370
0.368
0.368
0.367
0.366

0.416
0.416
0.416
0.416
0.418
0.418
0.418
0.409
0.408
0.412
N/A
0.447
N/A
0.440
N/A
N/A

0.405

0.362
0.365
0.366
N/A
0.366
N/A
N/A
N/A

0.375
0.377
0.376
0.368
0.372
0.371
0.373
0.210

N/A
0.239
N/A
N/A
N/A

0.297

0.435
0.435
N/A
N/A
N/A
N/A

w (%)

68.5
27.6
24.8
16.8
65.4
13.7
16.7
75.1
31.4
25.8
13.5
48.0
21.1
8.6
N/A
52.0
N/A
2.19
N/A
N/A

peaks are at 17.632∞, 21.655∞, 22.353∞, and 24.059∞ (2q), which correspond
to the distance of 0.503, 0.410, 0.398, and 0.370 nm respectively, calculated
by using the Bragg equation (3.3). PCL-2000 shows several peaks: the four
prominent peaks are at 21.375∞, 22.014∞, 23.751∞, and 24.333∞ (2q) correspond
to the distances of 0.416, 0.404, 0.375, and 0.366 nm. The four prominent
peaks of PHA-2500 are at 21.332∞, 21.951∞, 24.182∞, and 30.050∞ (2q) and
corresponding to the distances of 0.416, 0.405, 0.368, and 0.297 nm respectively.
Similarly, the three prominent peaks of PEA-2200 are 21.726∞, 24.550∞, and
43.022∞ (2q), corresponding to the distances of 0.409, 0.362, and 0.210 nm
respectively. The three prominent peaks of PTMG-2000 are at 13.845∞, 24.304∞,
and 37.653∞ (2q), corresponding to the distances of 0.447, 0.366, and
0.239 nm.
Usually, in a solid product made of linear polymer molecules, the ability
to resist mechanical, thermal, electrical, and chemical stress depends on the
attractive forces between the polymer molecules, which transfer these stresses
from one molecule to another throughout the solid mass. These secondary
attractive forces cover a spectrum from long-distance attractions up to fairly
strong close-range forces (see Table 3.4).21 Therefore, for polyester polyols
PBA, PHA, and PEA the intermolecular attraction is stronger than that of
polyether polyol PTMG. Intermolecular attractions help to bind the polymer
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Table 3.4 Molar cohesive energies of functional groups in
polyurethanes
Group

Cohesive energy
(kcal/mol)

—CH2— (hydrocarbon)
—O— (ether)
—COO— (ester)
—C6H4 (aromatic)
—CONH— (amide)
—OCONH— (urethane)

0.68
1.00
2.90
3.80
8.50
8.74

molecules into the crystal lattice, making it stronger and more resistant to
mechanical, thermal, and chemical stresses. In comparison with PTMG,
small molecular weight materials, such as the hard segment in PU, are not
easily compatible with these polyols. As a result, PBA, PHA, and PEA form
crystallites more easily than PTMG. Among these three polyesters, the amount
of methylene groups in the PBA, PHA, and PEA is 4, 6, and 2 respectively.
Thus, the molecular flexibility of PHA is the largest and PEA is the smallest.
A reasonable degree of molecular flexibility makes it possible for polymer
molecules to disentangle from random coils and conform and fit into the
precise positions required for lattice formation. Therefore, PHA forms
crystallites more easily than PBA and PEA, while PBA forms them more
easily than PEA. The molecular structure of PCL is similar to that of PBA,
so its crystalline properties are close to that of PBA. The same results are
found in the literature.11,12,17,22,23
The five polyurethane series prepared from the five polyols were also
measured using WAXD. The WAXD traces for PBA-based PUs are shown in
Fig. 3.5. The data of Bragg spacing and degree of crystallinity (w) are listed
in Table 3.3. It is clear that some of the polyurethanes prepared using these
polyols are crystalline, but the others are non-crystalline at the measured
temperature of ⬃21 ∞C. The crystalline PUs, such as PBA-PUs, PCL-PUs,
PHA-PUs, and PEA-15-PU, maintain the similar prominent peaks to polyols,
suggesting that the peaks in these PUs are ascribed to the corresponding
polyols.
The number of prominent peaks, the intensity of the peaks, and the degree
of crystallinity of the crystalline PU decrease compared with that of the
corresponding polyols. For PEA-20-PU and PTMG-PUs, no peak could be
observed in the WAXD curves (see Fig. 3.6), suggesting that these PUs are
amorphous polymers. No other characteristic peaks could be observed other
than the prominent peaks resulting from polyols, indicating that no other
group in the PU system form crystallites but these polyols.
The chemical bonding between the polyol segments and the urethane
blocks usually restricts both the phase separation and crystallization of the

Characterization techniques for shape memory polymers

73

Linear (counts)

PBA

PBA-10-PU

PBA-15-PU

PBA-20-PU
0

10

20

30

40

50

2q

3.5 WAXD traces of PBA2000-based PU samples. Other PU samples
(with PBA, PCA, PHA, or PEA as polyol) show similar features in the
WAXD curves at various hard segment contents.

polyol segments. DSC results show the increase of PEG-200 in the segmented
PU can result in better phase compatibility and can depress the mobility of
the soft segment, which will interfere with the ordered arrangement of polyol.
WAXD results not only show the same conclusion, but also prove that the
presence of the hard segment (MDI/PEG-200/BDO) does not change the
prominent peaks of crystalline polyols except that some secondary peaks
disappear. That is, the effect of the hard segment on the crystallization of the
soft segment is selective. Only those crystallites growing along some special
direction will be depressed sharply by the hard segment until they disappear.
For example, for PBA-based polyurethanes (PBA-PUs), the introduction of
the hard segment depresses the crystallization of PBA-2000 and makes two
secondary peaks disappear. However, it does not change the distance at
0.370 and 0.410 nm of the main crystalline planes. With the increase in HSC
in copolymer, the crystallinity decreases. The same phenomenon can be
observed in PCL-PUs and PHA-PUs.
Relationships between the crystallinity and HSC/soft segment content
(SSC) for PBA and PHA series are summarized in Table 3.5 and the data for
PBA are plotted in Fig. 3.7; PBA shows essentially the same relationship.
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3.6 WAXD traces of PTMG-based PU samples.
Table 3.5 Relationships between crystallinity and HSC/SSC
Sample

HSC (wt%)

SSC (wt%)

w (%)

PBA-20-PU
PBA-15-PU
PBA-10-PU
PHA-20-PU
PHA-15-PU
PHA-10-PU

52.04
41.74
31.28
50.76
40.74
23.52

47.96
58.26
68.72
43.24
53.26
70.48

16.8
24.8
27.6
13.5
25.8
31.4

The crystallinities of PBA-PUs and PHA-PUs decrease as the HSC increases.
It is clear that the crystallinities of PHA-PUs exhibit a proportional change
with HSC/SSC, that is, the degree of crystallinity of PHA-PUs increases as
HSC decreases and SSC increases. However, the crystallinities of PBA-PUs
and HSC/SSC exhibit a complex relationship, although the crystallinity of
PBA-PU increases as the HHC decreases (but SSC increases).
Increase of HSC is due to the increase in both MDI content and PEO-200
content. From DSC analysis, it could be deduced that the presence of PEO200 reduces the phase separation of the soft block and hard block of the
copolymer and enhances their compatibility. So the decrease of crystallinity
mainly results from the increase in PEO content. The same trend could be
found in PCL-2000 and PHA-2500-based polyurethane.
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3.7 Relationship between crystallinity and HSC/SSC of PHA-PUs.

It is well known that crystallization of polymers also depends on the
structural regularity of the polymers in addition to the possibility of nucleation
and growth of a pre-polymer. It was proved that the HSC, hard segment and
polarity, the hard segment interaction with the soft segment have a profound
influence on the crystallization of the polyol soft segment.4,6,24–26 Owing to
the different extent of interaction between the hard and soft segments, leading
to phase mixing or phase separation, together with the configuration of the
polyol, PEA-2200 and PTMG-2000-based polyurethanes present some
differences with PBA-PUs, PCL-PUs, and PHA-PUs. Because PEA and
PTMG polyol have weaker interaction than PBA, PCL, PHA polyols (Table
3.4), the phase mixing of PEA-PUs and PTMG-PUs is higher than that of
PBA-PUs, PCL-PUs, and PHA-PUs. Good compatibility of the soft and hard
segments in the PU system leads to a sharp reduction in crystallinity. Thus
PEA-PUs and PTMG-PUs have a low degree of crystallinity.
As a result, at the measured temperature of ⬃21 ∞C, PEA-15-PU shows
three prominent peaks with low intensity at 20.404∞, 21.587∞, and 24.337∞
(2q) corresponding to the distances of 0.435, 0.365, and 0.408 nm, respectively.
Both of the 0.365 and 0.408 nm peaks are close to that of PEA-2200 polyol,
which can be assigned to the crystallites existing in the PEA soft segment.
However, the 0.435 nm peak is different from that of the PEA polyol. Ning
et al.27 observed a 0.432 nm peak in the PEA-2000 polyol although the peak
does not appear from the center’s WAXD measurement. So the 0.435 nm
peak in PEA-15-PU may possibly be ascribed to PEA polyol.
From the DSC result, the Tim of PEA-15-PU is about 0 ∞C. So some of the
crystallites have melted at 21 ∞C. In order to manifest the influence of
temperature, the degree of crystallinity of PEA-15-PU was measured again
at the measured temperature ⬃0 ∞C. The WAXD trace of PEA-15-PU at
0 ∞C is shown in Fig. 3.8. The data are summarized in Table 3.3. It is clear
that the intensities of the three peaks increase. The degree of crystallinity of
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3.8 WAXD trace of PEA-15-PU at the measured temperature of 0 ∞C.

PEA-15-PU also increases from 8% at 21 ∞C to 21% at 0 ∞C, suggesting that
the crystal-melting temperature of PEA-15-PU is lower than that of PBAPUs, PCL-PUs, and PHA-PUs. With the rise in temperature, the crystals
melt, which leads to the decrease in crystallinity. The intensities of the peaks
are gradually reduced until they are merged into the amorphous halo with the
increasing temperature.
The WAXD traces of three PTMG-PUs do not show strong peaks at the
measured temperature ⬃21 ∞C. However, in the DSC curve of PTMG-15PU, a small endothermic peak appears around 5 ∞C. Therefore, the WAXD
trace of PTMG-15-PU was measured at –10 ∞C (data not shown here). The
corresponding values are listed in Table 3.3. It is observed that a very small
peak appears at 20.18∞ (2q), corresponding to the distance of 0.440 nm,
which is similar to the main peak of PTMG polyol. This result is in accord
with the DSC data.
On the other hand, in segmental PU, depending on the SSC or HSC, the
polymer has a continuous hard phase with a dispersed soft phase, a continuous
soft phase with dispersed hard phase, or a bi-continuous phase.6,28,29 It is
clear that the morphologies of semicrystalline PUs in this study, such as
PBA-15-PU, PCL-15-PU, PHA-15-PU, and so on, belong to a bi-continuous
phase, that is, one that consists of relatively pure hard and soft segment
domains with a possible limited interaction between the urethane groups and
polyester matrix at the interface. The partially phase mixed morphology of
the PEA-20-PU and PTMG-20-PU is more complicated.
In summary, the five polyols are shown to be crystalline oligomers with
different degree of crystallinity, which depend on the different intermolecular
attraction and chain flexibility. Among these five polyols, PHA is easiest to
crystallize, while PEA and PTMG are the most difficult. The resulting PUs
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prepared using these polyols present different crystallizations. PHA-PUs,
PBA-PUs, and PCL-PUs are crystalline at the measured temperature of
⬃21 ∞C, while PEA-15-PU shows crystalline peaks in WAXD traces only
when the measured temperature goes down to 0 ∞C, and PTMG-15-PU shows
one small crystalline peak at –10 ∞C. The peaks in crystalline PBA-PUs,
PCL-PUs, PHA-PUs, PEA-15-PU, and PTMG-15-PU are ascribed to the
corresponding polyols. The number of prominent peaks, the intensities of
the peaks as well as the degree of crystallinity for the crystalline PU decrease
compared with that of corresponding polyols. The effect of hard segment on
the crystallization of soft segment is selective. Only those crystallites growing
along with some special directions will be depressed sharply by hard segment
before disappearing completely. The crystallinity of PBA-PUs and PHAPUs decreases as the HSC increases. The different extent of interaction
between the hard and soft segments, together with the configuration of the
polyol, result in the sharp decrease in degree of crystallinity until the resulting
PTMG-PUs exhibit a very low degree of crystallinity.

3.3

Dynamic mechanical thermal analysis

In dynamic mechanical thermal analysis (DMA), the sample is deformed
cyclically, usually under forced vibration conditions. By monitoring the stress/
strain relationship while changing temperature, information can be obtained
about the relaxation behavior of the test piece.
The dynamic mechanical properties of a polymer are described in terms
of a complex dynamic modulus:
E* = (E¢2 + E≤2)1/2 = E¢ + iE≤

(3.5)

where E¢ is the storage modulus and is a measure of the recoverable strain
energy; when loading is small, it approximately equals Young’s modulus. E≤
is called the loss modulus and is related to the hysteresial energy dissipation.
The phase angle (d) is given by:
tan d = E≤/E¢

(3.6)

Therefore, DMA is most commonly used to identify the location of transitions
that frequently have a significant effect on the modulus values. Table 3.6
indicates typical values of Young’s modulus at the various states of a polymer
and appropriate magnitudes of change for relaxation transitions.19
Dynamic mechanical properties were performed in a tension mode with a
dynamic mechanical thermal analyzer (Perkin Elmer Instrument DMA 7e)
over the temperature range from –100 to 100 ∞C at a frequency of 1 Hz and
a heating rate of 5 ∞C/min. Dynamic mechanical thermal properties of the
PUs are shown in Figs 5.14–5.20. All polyester-based polyurethanes (PESPU), such as PBA-PUs, PCL-15-PU, PHA-15-PU, and PEA-15-PU, exhibit
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Table 3.6 Summary of typical values of modulus at various states of a polymer
Phase/transition

Modulus E¢(Pa)

Comment

Rigid glass
Ductile glass
Glass–rubber transition
Rubber to viscous liquid

1010–109
⬃109
⬃109–106
106–105

Viscous liquid to mobile fluid

105–103

0 K to Tb
Above Tb to Tg; with 30–50∞
Typically 10–20∞ in width
Typically 50–100∞ in width and
depends on Mw
Typically 30–60∞ in width and
depends on Mw

8.0 ¥ 10

6.0 ¥ 10

8

4.0 ¥ 10

8

2.0 ¥ 10

8

Storage
Loss
Tangent

0.8

0.6

Tan d

Modulus (Pa)

1.0
8

0.4

0.2
0.0
0.0
–100

–50

0
Temperature (∞C)

50

100

3.9 Dynamic mechanical thermal properties of PBA-15-PU.

a similar DMA curves. Representative DMA curves for PBA-PU are plotted
in Fig. 3.9. The DMA curve of a polyether-based PU (PET-PU), such as
PTMG-15-PU, is very different from that of PES-PU.
For PES-PU samples, the storage modulus (E¢) shows a steady fall as the
temperature is increased at the beginning. E¢ shows a slight transition in the
temperature range –75–60 ∞C. With the temperature increase, a steep fall of
E¢ appears at –50 ∞C. For different PES-PU samples, the onset temperature
of E¢ for this transition ranges from 0 to 40 ∞C. At the same time, both loss
modulus (E≤) and tand show an obvious transition in this temperature range.
The peak temperature of tand is higher than the onset temperature of E¢. With
the temperature increase, the curves of tand of PBA-15-PU, PCL-15-PU,
PHA-15-PU, PBA-10-PU present a shoulder at about 80 ∞C (TC). Finally, a
rubbery ‘plateau’ in the E¢ curves appears.
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The modulus of elasticity of PUs varies with temperature in a polymer.
According to the value of the modulus, five temperature regions are recognized:
glassy with moduli of about 109 Pa, a rubbery region with moduli of about
106 Pa, melt with moduli close to zero, and two transition regions between
them.30,31 Many thermoplastic homo-polymers usually exhibit a change of
modulus from ⬃109 to a value of ⬃106 Pa. The magnitude of the changes is
often applied to identify and locate the Tg.19 However, the first slight fall in
E¢ is assigned to Tb rather than Tg. According to the DSC and WAXD results,
we know that the soft segment of this PET-PU is crystalline. As is well
known, according to kinetics theory, Tg is associated with conformational
changes of the molecular main chain. However, the crystalline structure in
this PU restricts the conformational changes of the molecular chain of the
soft segment.23 Therefore, the steep fall in E¢ cannot occur in this glass
transition temperature range.
Several possibilities can be considered for the assignment of Tb.4 First, Tb
can be ascribed to the relaxations of the PU segments. Secondly, Tb is related
to relaxations of the polyol segments. Some researchers agreed with the
second possibility and considered that Tb could be related to local mode
motion of short sequences of soft segment in the amorphous state.14,24 In
addition, Bogdanov et al.6 considered that the transition is closely related to
the presence of small amounts (0.2–0.3 wt%) of absorbed water. The transition
disappears from the spectrum upon extensive drying, and reappears upon reexposure to normal room humidity conditions. Here, the work from Foks et
al.14 is repeated, and it is considered that Tb is assigned to relaxations of the
polyol segments. For a definitive assignment of Tb, further studies of polyols
with systematic variations in the molecular weight and crystallinity need to
be undertaken.
As the temperature increases, the E¢ curve shows a second steep fall,
which is assigned to Ta. For the assignment of Ta, Li et al.5 proposed that it
can be ascribed to the melting of crystalline polyol because the storage
modulus is almost unchanged with temperature until the melting of polyol
crystals in this temperature range. However, it could be that the second steep
transition Ta is related to both the chain motion of the soft segment and
crystal melting of the soft segment. That is, the temperature range of the
observed transition would be the result of the various degrees of mixing
between the ester and urethane blocks.4 With increasing temperature, as
soon as the crystal melting of the soft segment begins to take place, the
motion of the soft segment molecular chains starts. In other words, crystal
melting is accompanied by the motion of molecular chains. As a result, the
second steep transition Ta should be ascribed to both the motions of molecular
chains and crystal melting. According to this interpretation, the matrix would
be formed by a hard segment-rich continuous phase, in which polyol crystallites
would be embedded, and amorphous polyol segments emerging from entangled
domains with urethane segments would be connected to these crystallites.
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As the temperature rises to around 80 ∞C, a shoulder (Tg) on the tand curve
appears in PBA-15-PU, PCL-15-PU, PHA-15-PU, and PBA-10-PU. The
assignment of Tg should correspond to the chain motion of the hard segment,
that is, the glass temperature transition of the hard segment (Tgh). Martin et
al.23 proved that Tg for pure MDI/BDO polymer was about 80 ∞C. It implies
that the soft segment has little effect on the glass transition temperature of
the hard segment.24
After the crystalline soft segment has melted, much larger effects occur in
this range with unreinforced PUs so that the rubbery ‘plateau’ is very short.
For a semi-crystalline polymer, the height of the rubbery plateau is governed
by the degree of crystallinity. This is due to the following two factors: first,
the crystalline regions tend to behave as a filler phase and, secondly, the
crystalline regions also behave as a kind of physical cross-link, binding the
chains together.32 As a result, the melting of the crystalline soft segment
causes a sharp decrease in rubbery modulus. It also implies that the hard
segment is not able to form a sufficient amount of individual domains that
are stable under strain as physical cross-links.5 So these PES-PU materials
may lack sufficient strength at high temperature.
The DMA curve of PTMG-15-PU (Fig. 3.10) is different from that of
PES-PUs. The E¢ of PTMG-15-PU shows a steep fall in the temperature
range of –70 to –60 ∞C, while a peak appears in the tand curve at –50 ∞C,
which is assigned to the chain motion of the soft segment, that is, the glass
temperature transition of the soft segment (Tgs). As the temperature continues
to rise, PTMG-15-PU does not show another transition in the temperature
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3.10 Dynamic mechanical thermal properties of PTMG-15-PU.
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range from 0 to about 40 ∞C like the PES-PUs. Increasing temperature causes
a second peak to emerge in the tand curve at 70 ∞C, which is assigned to the
chain motion of the hard segment, that is, the glass temperature transition of
the hard segment (Tgh).
Storage/loss moduli as a function of temperature of these PUs with similar
HSC values and different polyols are shown in Fig. 3.11 and 3.12, respectively.
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3.11 Difference in storage modulus for the PUs with different polyols.
4.0 ¥ 108
PBA-15-PU
PCL-15-PU
PHA-15-PU
PEA-15-PU
PTMG-15-PU

3.5 ¥ 108

Loss modulus (Pa)

3.0 ¥ 108
2.5 ¥ 108
2.0 ¥ 108
1.5 ¥ 108
1.0 ¥ 108
5.0 ¥ 107
0.0
–5.0 ¥ 107
–100

–50

0
50
Temperature (∞C)

100

150

3.12 Difference in loss modulus for the PUs with different polyols.
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In order to be able to describe the differences easily, the storage modulus
related to Tb is denoted as E b¢ , the storage modulus related to Ta is denoted
as Ea¢ , and the storage modulus related to Tg is denoted as Eg¢ . It can be
discerned that E b¢ , Ea¢ and Eg¢ of these PUs are obviously different, suggesting
a great influence of different polyols on dynamic mechanical thermal behaviors
of the PUs.32 Among these PUs, E b¢ and Ea¢ of PHA-15-PU are the highest,
while E b¢ and Ea¢ of PTMG-15-PU are the lowest. However, Eg¢ of these
five curves are very close, indicating that Eg¢ may be mainly dependent on
the hard segment structure.
Based on DSC and WAXD analyses, the differences between PTMG-15PU and PES-PUs mainly depend on the chemical structure of polyol, the
interactions between the soft and hard segments, and the degree of phase
separation. These differences lead to a different crystalline structure. From
DSC and WAXD results, we know that the degree of crystallinity of PTMG15-PU is low enough to be considered as an amorphous polymer. Therefore,
the limitation of crystallization to conformation changes in molecular chain
of soft segment is weak. So the conformational changes of the molecular soft
segment chain of PTMG-15-PU may lead to the steep fall in E¢ at Tg,19 while
crystal melting cannot be identified in the E¢ curve.
The DMA curves in Fig. 3.13 and 3.14 show the difference in storage/loss
moduli of PBA-PUs with the same polyol PBA-2000 and varied HSC. It
could be observed that three of the E¢ curves have a similar shape, while the
peak positions of E≤ are different. With the increase in HSC, a more marked
2.0 ¥ 109
1.8 ¥ 109
1.6 ¥ 10

PBA-15-PU
PBA-20-PU
PBA-10-PU

9

Storage modulus (Pa)

1.4 ¥ 109
1.2 ¥ 109
1.0 ¥ 109
8.0 ¥ 108
6.0 ¥ 108
4.0 ¥ 108
2.0 ¥ 108
0.0
–2.0 ¥ 108
–100

–50

0
50
Temperature (∞C)

100

150

3.13 Difference in storage modulus for the PUs with different hard
segment contents.

Characterization techniques for shape memory polymers
1.2 ¥ 108

PBA-15-PU
PBA-20-PU
PBA-10-PU

1.0 ¥ 108

Loss modulus (Pa)

83

0.8 ¥ 108
0.6 ¥ 108
0.4 ¥ 108
0.2 ¥ 108
0
–100

–50

0
50
Temperature (∞C)

100

150

3.14 Difference in loss modulus for the PUs with different hard sector
contents.

fall in E¢ occurs, and the peak positions of E≤ shift to higher temperature
range. However, both E b¢ and Ea¢ increase as the HSC increases.
In the center’s study, the increase of HSC is contributed to by the increase
in both MDI and PEO-200 content. So the increase in MDI content indicates
that there is a higher concentration of urethane groups whose hydrogenbonding network enhances intra-domain cohesion.7 DSC and WAXD analyses
reveal that the introduction of PEO-200 depresses the phase separation of the
soft and hard blocks of copolymer and enhances their compatibility. As a
result, an increase of MDI and PEO-200 content results in the higher Ta and
storage modulus. The same conclusion could also be observed from some of
the literature.4,24-26,33 Similarly, Eg¢ of these three curves is very close, indicating
that Eg¢ may be mainly dependent on hard segment structure.
In addition, the presence of different glass transitions in both soft and
hard segments is a characteristic of an incompatibility.24 However, the shift
to a higher Ta with the increase in HSC indicates that regions of considerable
phase mixing exist in these materials. So these PU materials exhibit aspects
of both types of behavior. The hard and soft segment domains in a two-phase
system can behave somewhat independently, each displaying characteristic
thermal and mechanical behavior analogous to an incompatible system. The
transition zone between the two types of domain consists of a continuum of
mixed hard segment–soft segment regions with HSC decreasing as one proceeds
from a predominantly hard segment domain to a predominantly soft segment
one.24,34
In summary, all polyester-based polyurethanes (PES-PU) exhibit a similar
DMA curves, while polyether-based PU (PET-PU) differs greatly. Three
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modulus transitions appear in E¢ of PES-PU, assigned to Tb, Ta and Tg , which
are contributed to by the relaxations of the polyol segments, the motion of
molecular chain and crystal melting, and the chain motion of the hard segment,
respectively. Two modulus transitions appear in E¢ of PTMG-15-PU, which
are contributed to by the chain motion of the soft and hard segments respectively.
The E¢ of PES-PUs is higher than that of PTMG-15-PU. The difference in
DMA curves between PES-PUs and PTMG-15-PU mainly depends on the
difference in crystalline structure. With an increase in HSC, a more marked
fall in E¢ occurs, and the peak positions of E≤ shift to a higher temperature
range. However, both E b¢ and Ea¢ increase as the HSC increases. The reason
is that the increase in MDI content indicates a higher concentration of urethane
groups, whose hydrogen-bonding network enhances intra-domain cohesion.
Meanwhile, the introduction of PEO-200 depresses the phase separation of
the soft and hard blocks of copolymer and enhances their compatibility.

3.4

Fourier transform infrared

Infrared (IR) spectroscopy is a popular method for characterizing polymers.3
This technique probes the vibrations of the atoms of a molecule. An IR
spectrum is obtained by passing IR radiation through a sample and determining
which fraction of the incident radiation is absorbed at a particular energy.
The energy at which any peak in an absorption spectrum appears corresponds
to the frequency of a part of the sample molecule.
Most IR spectroscopy is carried out by using FTIR spectrometers. This
method is based on the interference of radiation between two beams to yield
an interferogram, i.e. a signal produced as a function of the change of pathlength between the two beams. The two domains of distance and frequency
are inter-convertible by the mathematical method of Fourier transformation.
The basic components of an FTIR spectrometer are shown schematically
in Fig. 3.15. The radiation emerging from the source is passed through an
interferometer to the sample before reaching a detector. After passing through

Source

Interferometer

Sample

Detector

Analog/digital
converter

Amplifier

Computer

3.15 Schematic components of a typical Fourier-transform infrared
spectrometer.
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Table 3.7 The major infrared modes of polyurethanes
Wavenumber (cm–1)

Assignment

3445
3320–3305
2962–2972
2940
2916–2936
2880–2900
2862–2882
2860
1730
1710–1705
1645–1635
1445–1485
1435–1475

N–H stretching (non-hydrogen bonded)
N–H stretching (hydrogen bonded)
CH3 stretching
Asymmetric C–H stretching
CH2 stretching
CH stretching
CH3 bending
Symmetric C–H stretching
C==O stretching (non-hydrogen bonded)
C==O stretching (hydrogen bonded)
C==O stretching (hydrogen-bonded urea carbonyl)
CH2 bending
CH2 bending

a filter, the data are converted to a digital form by using an analog-to-digital
converter and then transferred to the computer for Fourier transformation to
take place.
FTIR is a useful tool for identifying a polymer, monitoring the
polymerization stage, and characterizing any structural changes under different
conditions. Table 3.7 shows the characteristic IR modes of PUs.35 In the
center’s experiment, the IR data were collected using a Nicolet 5DXC Fourier
instrument. Specimen PBA-15-PU was put on a heating box. The IR data
were collected at 18, 28, 38, 48, and 58 ∞C respectively. The molecular
structure of PBA-15-PU as a function of temperature was investigated.
Although extensive research on segmented PU using FTIR has been
performed by numerous research teams around the world, almost all IR
research has focused on two principal vibrational regions: the N—H stretching
vibration (3200–3500 cm–1) and the C==O stretching vibration amide-I region
(1637–1730 cm–1).36–41 In this measurement, FTIR was used to study the
effect of temperature on soft segment crystallinity. The IR spectra for PBA15-PU at the different temperature are shown in Fig. 3.16. In this figure, the
peak at 3320 cm–1 is assigned to hydrogen-bonded —N—H— stretching,
while the 2953 cm–1 peak is —CH3— stretching, the 1729 cm–1 peak is nonhydrogen bonded —C==O— stretching. Such main peaks in the segment
exhibit no change with an increase in temperature.
However, Fig. 3.17 illustrates that the IR spectra at peaks a, b, c, d, e, and
f show distinct changes as the temperature increases from 18 to 58 ∞C,
mainly due to peak shifts and intensity changes. It is well known that peak
a at 1400 cm–1 is assigned to —CH2—, while peak b at 1383 cm–1, peak c at
1371 cm–1, and peak d at 1354 cm–1 could be assigned to —CH3— groups,
and peak e at 1264 cm–1 and peak f at 1250 cm–1 to —C—O— at —COO—
groups. These groups are related to polyester-based polyol PBA-2000. DSC
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3.16 FTIR spectra of PBA-15-PU at different temperatures.
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3.17 FTIR spectra of PBA-15-PU at different temperatures.
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results reveal that crystal melting of PBA polyol in the resulting PU takes
place in the temperature range from 11 to 66 ∞C. Therefore, it could be
deduced that the crystal melting of soft segment leads to the motion of
molecular chain of PBA-2000 polyol of the resulting PU in the temperature
range from 18 to 58 ∞C, while the molecular chain of the hard segment does
not move in this temperature range.
In summary, crystal melting of the soft segment leads to the motion of the
molecular chain of PBA-2000 polyol of the resulting PU in the temperature
range from 18 to 58 ∞C, while the molecular chain of the hard segment does
not move in this temperature range.

3.5

Raman spectroscopy

A brief introduction to the essential aspects of both polymer melts and Raman
scattering in liquids is provided here, to highlight and identify clearly the
reported data. The off-resonance scattering efficiency (IR) for a Raman active
r
r 2
vibration is given42 by I R µ e S ◊ Rˆ ◊ e L , where ( R̂ ∫ a i, j ) is the Raman
r
s
tensor, and e L and e S are the scattered and incident (laser) polarization
directions, respectively. The intrinsic symmetry of ( R̂ ∫ a i, j ) plays a decisive
role in the selection rules for polarized scattering in both crystals and liquids.42,43
Individual components of R̂ can be measured only in crystals. In liquids, in
contrast, the molecules are randomly oriented and R̂ must be averaged over
different orientations.

3.5.1

Raman depolarization ratio in liquid

A very important parameter is the depolarization ratio (r) of a mode, namely:
r = I^/I//, where I^ and I// are obtained with the averaged tensor R̂av (over
r
r
r
r
all possible orientations), and e L ^ e S or e L / / e S , respectively. The Raman
scattering cross-section for isotropic liquids has been extensively studied by
Porto.44 In terms of the Cartesian components of R̂ in a fixed reference
molecular frame, r can be written as:42

r=

3g 2
10a 2 + 4g

2

(3.7)

where

g 2 = (axx – ayy)2 + (ayy – azz)2 + (azz – axx)2
2
2
2
+ a yz
a zx
)
+ 6 (a xy

(3.8)

and

a 2 = (axx + ayy + azz)2

(3.9)
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A very important situation occurs when g2 = 0, i.e., r = 0. An inspection of
the Raman tensors for different molecular symmetries shows that this occurs
only for the A1g (or G1) representation of the cubic or isotropic symmetry
groups. All other uniaxial or biaxial point groups have totally symmetric (G1)
vibrations with 0 < r < 3/4. The maximum value for r from equation (3.7)
is 3/4, which occurs when a = 0, i.e. when R̂ is traceless.
The main conclusion to be drawn here is that regardless of the internal
symmetry (group representation) of a mode for any arbitrary molecular
structure, r can never exceed the maximum value of 3/4 if the hypothesis of
isotropic orientational averaging holds. Exceptions to this rule occur only
close to resonance when vibronic coupling is present; they have been observed
for the first time in heme-containing proteins.45 Otherwise, r is always
<3/4 unless the hypothesis of isotropic averaging breaks down, a typical
situation in the field of liquid crystals (LCs). Long-range molecular orientation
in the nematic phase, for example, introduces strong anisotropies in the
linear optical properties of LCs (birefringence) as well as changes in the
polarized Raman-scattering efficiencies. The different mesophases in LCs
represent an intermediate case between crystalline solids and the isotropic
averaging that results in equation (3.7). More recently, the breakdown of
isotropic averaging in Raman tensors has been used to study surface defects
in LCs.46 Other situations with strong uniaxial character can often be found,
and r is then either 1/3 or 1/8. These special situations typically imply that
R̂ has either one or two diagonal components that are not equal to zero. The
information from depolarization ratios can thus be used in certain situations
to infer the symmetry of the modes of vibration, even when the sample is a
liquid or a melt. In single crystals, in contrast, it is possible to assign
unambiguously the symmetries of different modes (if there is access to several
crystallographic faces). Polarized confocal Raman spectroscopy is, therefore,
of interest as a tool in polymer thin film or surface orientation analysis.

3.5.2

Experimental-PU film preparation and
spectroscopic issue

Segmented block PUs containing different HS contents were synthesized
with polycaprolactone diol (PCL) having a molecular weight of 4000 (hereafter,
PCL-4000) as the soft segments and with 4,4¢-diphenylmethane diisocyanate
(MDI) chain extended with 1,4-butanediol (BDO) as the hard segments. All
the chemicals used in the study were of analytical grade. The series of
polyurethane samples is designated as PU-XX, where XX denotes the weight
percentage of the hard segment.
Consider the specific Raman spectrum in our measurement. Figure 3.18
shows the polarized backscattered Raman intensity, I//, from a PU film with
50% HSC at room temperature. A microscope objective with a small numerical
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3.18 Polarized Raman spectrum obtained from a polyurethane film,
with 633 nm laser as the excitation source. Inset shows the
schematic of both the hard and soft segments making up the
copolymer.

aperture (NA = 0.2) was used to provide an axial resolution of about
⬃50 mm. (Daxial = 2ln/(NA)2, assuming n ⬃ 1.5, and l = 633 nm). This
ensures that only scattering signals coming from a film layer of ⬃ 50 mm
centered on the focal plane are scattered and collected by the spectrometer.
This length is about the average thickness of all the PU films used in this
study. The lateral resolution is much better, at ⬃2 mm (Dlat = 0.61l /NA).
Only the highest peak at ⬃1616 cm–1 in the Raman spectrum is considered.
This vibrational mode is indeed not greatly perturbed by the detailed chemical
structure in the main PU chain, resulting in a benzene-like vibrational mode
with similarity in both frequency and symmetry. The non-resonance Raman
r
r 2
intensity I for a specific vibrational mode is given by I R µ e S ◊ Rˆ ◊ e L . It
contains information on the average molecular orientation because it normalizes
any local variations in scattering volume. It is worth mentioning again that
the maximum value of r (with uni- or biaxial point groups having totally
symmetric (G1) vibrations) is 3/4, which occurs when R̂ is traceless for a
collection of randomly oriented molecules.47 The situations involving strong
uniaxial character may fix the r value to either 1/3 or 1/8. These special
cases require R̂ to have either one or two vanishing diagonal elements.
It is worth noting that a value of r ⬃ 1 indicates the benzene rings in the
PU backbone lie to a large extent parallel to the film surface. We have never
obtained any r with a unity value in our PU films in any cases. This special
value can be obtained from a different class of material, namely conjugated
polymers which have been used extensively in light-emitting diodes (LEDs),
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thin film transistors, and solar cells.48–50 In fact, r ⬃ 1/3 suggests that the
rings rearrange themselves perpendicular to the film surface. On the other
hand, r ⬃ 3/4 suggests a random orientation of the benzene rings on average.

3.5.3

Relationship between molecular orientation and
phase separation

We have performed the polarized Raman measurements on the PU films with
different HSC values. The polarized Raman intensities denoted by I// and I^
at ⬃1616 cm–1 mode are displayed in Fig. 3.19(a).
Both the intensities rise in a step-wise way to reach maximum values with
increasing HSC. In general, I// and I^ are proportional to the local thickness
of the PU film through the scattering volume and contain the information on

Raman intensity (arb. units)

(a)

I //

I^

Depolarization ratio

(b) 0.8
0.7
0.6
0.5
0.4
0.3
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50
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3.19 (a) Polarized Raman intensities of the polyurethane films with
various hard segment contents. I// and I^ denote the signals with
polarization parallel and perpendicular to that of the excitation laser,
respectively. (b) The plot of peak intensity at ⬃1616 cm–1 vibrational
mode with various HS contents. There are two critical HS weight
percentages, 25 and 45%, respectively, which divide the molecular
orientation into three categories. The first one is the randomly
oriented HS, the second is the less random HS conformation, and the
last the nearly perpendicular aligned HS.
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the symmetry of the mode. The low axial resolution of the Raman probe and
large film thickness, both ⬃50 mm, have diminished the effect of local thickness
variation, which is believed to be smaller than 1 mm. This can also be realized
by the gradual change of both intensities with less scattered data. An average
value of r ⬃ 0.71 on the left part of Fig. 3.19(b) suggests that the benzene
rings are initially oriented randomly in the films at low HSC. The r values are
not dependent on the rotation of the PU films for a fixed set of polarizations.
The intuitive picture is that the hard segments of which the film is partly
composed arrange themselves randomly at low HSC (<25% in our case).
The challenge here is to understand the departures of the r from the
original value – a signature that molecular ordering is quenched during the
cooling process in forming the film. As the HSC is above a particular value,
⬃25% as shown in Fig. 3.19(a), there is an abrupt increase in the polarized
signals which is more pronounced for the parallel polarization. It is suggested
that a new phase of the hard segment is decoupled from the soft matrix as a
result of the high incompatibility between the hard and soft segments.14 The
depolarization ratio is ⬃ 0.45, with the HSC between 25 and 45%, indicating
that the hard segment domains orient themselves in a certain configuration
apart from a random fashion. Within this hard segment range, the r values
are not totally independent of the HSC. The exact molecular conformation
can be further elucidated by interpreting the r values when the HSC is higher
than 45%. A value of r ⬃0.35 suggests that the benzene rings are now to a
large extent perpendicular to the film surface at this high HSC. The evolution
of the r values from ⬃0.71 to ⬃0.35 indicates the existence of a transition
region in which the benzene rings in the hard segment start to demix from
the matrix and orient themselves to lie perpendicularly to the film surface.
The experimental result is in agreement with the observation by Martin et al.
to some extent.51 The authors observed an increase in HSC above 45%
resulted in interconnection between hard micro-domains, forming a continuous
morphology. The question of whether the crystallizable hard micro-domains
exhibit discrete morphology when the content is below 45% in the PU films
is difficult to identify by the Raman probe at this stage. Notwithstanding
this, the average molecular orientations can still be quantified by this technique
with intermediate HSC. The depolarization ratio of the PU film suggests that
the in-plane vibrations of the two benzene rings contribute a high uniaxial
Raman tensor. The most appropriate Raman tensor for this vibrational mode is
Ê1
R̂ = Á 0
Á
Á
Ë0

0
–1
0

0ˆ
0˜
˜
˜
0¯

(3.10)

This tensor is similar to that for the 1605 cm–1 phenylene vibrational
mode in highly uniaxial aligned polyfluorene films50 and is in agreement
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with the in-plane stretching mode for the mono- or di-substituted benzene
(G2 representation of C2v). The partial ordering of molecules in their liquid
state where isotropic averaging of the Raman tensor is partially broken down
is crucial for the strong anisotropic property in liquid crystals. The high
uniaxial character of the tensor components coincides with the main geometrical
axis of the molecule, providing a direct probe of the physical molecular
alignment. The azz = 1 diagonal element is parallel (but perpendicular to the
film surface) to the two benzene rings in the backbone of the PU.
The implication of the hard segment orientation and micro-domain
morphology on the tensile properties is profound. It is well known that the
domains respond differently, depending on their initial distribution. This in
turn determines the deformation modes of the film, i.e. either lamellar separation
or shear compression or both. The orientation function (obtained from IR
dichroism measurement) of the hard segment decreases at low draw ratios,
which is related to the rotation of the long axis of the hard segment. However,
the situation will be different when the HSC is above the threshold value
⬃ 25%, especially when the inter-domain interaction exists. To obtain a
complete picture of the plastic deformation of the hard segment domains at
high HSC >25%, the molecular orientation within the hard segment domains,
its response to the drawing direction, and its impact on the axial and lateral
strengths of the film should all be taken into account. This in turn provides
a direct impact on the fundamental physics of the mechanism in describing
the shape memory effect. By using the same experimental technique, the
structure changes and chain orientational behavior during tensile deformation
is now being studied. The underlying idea is to monitor the different chemical
dynamics, such as the free- and hydrogen-bonded C==O which can be used
as the identification tags representing the deformation behavior of the chains
in soft and hard segments, respectively, upon drawing the PU films.
Segmental orientation behavior was probed with polarized Raman
spectroscopy. The orientation of the crystalline hard segment was obtained
from the in-plane vibrational mode of the two benzene rings at ⬃1616 cm–1.
The Raman data provide evidence for the segmental orientation transition
from a randomly to a partially aligned hard micro-domain internal structure
when the HSC is above a critical value ⬃25% in the PU film. However, these
partially aligned micro-domains can reach a totally aligned configuration as
the HSC increases above 45%. It was found that the benzene units of which
the hard segment is composed preferentially orient themselves perpendicularly
to the film surface. The measured concentration dependences of the microdomain alignment provides a consistent interpretation of our data with that
by using small angle X-ray scattering (SAXS) and DSC,52, 53 and thus validate
the Raman technique used in the center’s study. The DSC scan was performed
to further demonstrate the efficacy of Raman spectroscopy in this application
by comparing the onset HSC for the crossover between different phases in
PU film.
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Gel permeation chromatography

GPC, a type of size-exclusion chromatography (SEC), is a technique that
employs porous non-ionic gel beads to separated polymers in solution.3
Beads containing pores of various sizes and distributions are packed into a
column in SEC. Such beads are commonly made of glass or cross-linked
polystyrene. All GPC experiments have a solution containing the polymer of
interest which is pumped down the column. Owing to diffusion, the polymers
attempt to enter the pores in the packing material.
Only sufficiently small polymers can enter the pores and, once they do,
they are effectively trapped there until they leave and return to the flowing
solvent. In this way, the small polymers are retarded and leave the GPC
column last. Various detectors are used to sense when the polymers finally
emerge (or ‘elute’) from the column. Fractionation of the polymer sample
results as different-sized molecules are eluted at different times. The time it
takes a polymer to elute is converted to molecular weight; exactly how
depends on which variant of GPC is used.
Figure 3.20 shows a generic GPC set-up. The working principle is simple:
large molecules cannot permeate the pores. They travel rapidly through the
void volume. Small molecules travel partly through the porous packing materials
and travel more slowly owing to hydrodynamic shielding from the flow
field. In this experiment, a molecular weight distribution of the resulting PU
is measured by GPC (PE GPC series 200) using refractive index detector.
The two PLGEL columns, 7.5 mm interior diameter and 30 cm length, are
linked in tandem. The solvent is tetrahydrofuran (THF), while the flow rate
is 1.0 ml/min. Beads used in this measurement are made of cross-linked
polystyrene. The testing temperature is 25 ∞C. An integral method is used to
calculate the number-average molecular weight (Mn) and polydispersity (Mw/
Mn) of the resulting polymers accordingly.
The PU synthesis described in Section 2.2.2 can be characterized by the
GPC technique. The GPC spectra are shown in Fig. 3.21. Through universal
calibration by using polystyrene standard (in Fig. 3.21), Mn and Mw, and
Mw /Mn of samples can be calculated from GPC chromatograms. The results
are listed in Table 3.8. From Table 3.8, Mw of PBA-15-PU, PCL-15-PU,
PHA-15-PU, PTMG-15-PU, and PBA-20-PU are all higher than 100 000,
and Mw of PEA-15-PU and PBA-10-PU are about 70 000. Mw/Mn of all of
these PU samples are similar.

3.7

Polarizing microscopy

Morphology is defined as the science of structural forms. The term is also
used to designate different structural shapes. The morphology of polymer
blends, block copolymers, semi-crystalline polymers and liquid-crystalline

94

Shape memory polymers and textiles
Filter (ca 0.5 mm)
Pump

GPC
columns
Injector
loop
To waste

Concentration
detector

To waste
Flow

Voids: Uniform diameter
D helps minimize voids

Optional
detector #2
e.g. light
scattering

Optional detector
#1 e.g. viscosity

Pore size is given by the
correlation length x

x

D = 1 – 50 mm

3.20 Schematic illustration of the working principle of GPC.
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3.21 Molecular weight distribution of PBA-15-PU.

polymers can be directly observed and the microstructure is in most cases
assessed without the need for a sophisticated model.54 At a lower magnification,
coarser structural forms such as spherulites are observed using POM because
the sizes of spherulites fall in the micrometer range.
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Table 3.8 GPC results of the PU samples
Sample

Mw

PBA-15-PU
PCL-15-PU
PHA-15-PU
PEA-15-PU
PTMG-15-PU
PBA-20-PU
PBA-10-PU

119
109
135
73
154
163
78

Mn
000
000
000
000
000
000
000

59
59
63
42
66
75
41

Mw /Mn
000
000
000
000
000
000
000

2.04
1.86
2.13
1.76
2.34
2.19
1.89

A polarizing microscope is equipped with two crossed polarizers. The
first polarizer is located in front of the specimen stage and the second, the
analyzer, is located behind the objective.54 Transmitted light phase contrast
converts the refractive index difference in such samples to light and dark
image regions. Therefore, POM could be used to investigate the morphology
of a crystalline polymer. That is, when a crystalline polymer is heated, the
birefringence disappears as the crystallites disappear into the polymer melt.
Changes in birefringence can be observed with a hot-stage microscope by
using crossed polarizers. The point of disappearance of the last trace of
birefringence can be used to determine the crystalline melting point.3
In this experiment, a PU solution was cast on a cover glass and dried in a
vacuum oven at 100 ∞C for 8 h in a similar program to the final process of
those prepared for previous experiments. Then PU films of appropriate thickness
were investigated through a polarizing microscope (Leitz Wetzlar) equipped
with a hot stage. The heating rate was about 2.5 ∞C/min. The change of
morphology of the PUs with temperature rising was captured by a Nikon
950. The PU solutions were cast on the glass plate and dried at 100 ∞C for
8 h. After two days, these specimens were observed using polarizing
microscopy. The variable temperature optical microscope (Leitz Wetzlar)
was equipped with a variable temperature hot stage attachment. A digital
camera (Nikon 650) captured images in converging white light with analyzer
and polarizer crossed. The temperature was then increased from 25 ∞C to the
point which the image become fully dark at a heating rate of 2.5 ∞C/min.
Morphological changes for sample PBA-15-PU with temperature were recorded
and are shown in Fig. 3.22.
From these images, it is clear that small crystallites were presented at
PBA-15-PU in the temperature range. Samples PCL-15-PU, PHA-15-PU,
PBA-20-PU, and PBA-10-PU show similar transitions, while for PEA-15PU and PTMG-15-PU nothing could be observed through POM between the
crossed polarizers. Although these images are vague, it can still be concluded
that all these crystalline samples have anisotropic structure. With an increase
in temperature, the amount of bright crystallite decreases before disappearing,
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T = 31 ∞C
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3.22 POM image of PBA-15-PU at different temperatures.

denoted as the end temperature (Tem). The size and concentration of crystallites,
and the end temperature, are different for different PUs.
In comparison with DSC and WAXD results as above, it is easy to explain
the difference in POM images – the surface morphologies. From DSC and
WAXD results, it is known that polyols in PBA-PUs, PCL-15-PU, and PHA15-PU form distinct crystallization, and crystal melting of the PUs takes
place over the room temperature range. Thus, the crystalline texture can be
observed through POM between crossed polarizers. With an increase in
temperature the crystallites start to melt. Therefore, the crystallites in these
PUs decrease gradually, until they have all gone at Tem. However, the
crystallinities of PEA-15-PU and PTMG-15-PU are too low to be detected
even by DSC and WAXD around the temperature of 20 ∞C; thus it is reasonable
that their crystalline textures could not be observed through POM.
In these POM images, the spherulitic textures of all of the PUs are not
clear except for PHA-15-PU. In PHA-15-PU image, a large amount of small
wafers with a clear interface could be observed. After being kept under room
conditions for more than one year, these PU specimens were observed by
POM again at 23 ∞C. More integral spherulitic structure could be observed in
these POM images, as shown as Fig. 3.23. It is observed that the spherulites
in PHA-15-PU are large and separated. In PBA-15-PU, PEA-15-PU, and
PBA-20-PU, the spherulites are small and dense. They touch each other and
almost occupy all the space. In PCL-15-PU and PBA-10-PU, the spherulites
are large and dense.
Chang and Thomas 55 studied the morphology of PCL/MDI/BDO
polyurethanes with variable SSC using POM. They found that pure PCL and
PCL/MDI crystallize, producing large spherulites of 50 and 30 mm characteristic
diameter respectively. The pure soft segment spherulites consist of branching
and radiating lamellae, whereas the pure hard segment spherulites exhibit
a radiating rough fibrous structure. Some other researchers also reported
that crystalline texture in most of semi-crystalline polyurethanes is
spherulitic.5,29,30,54 Therefore, crystalline hard and soft segments in PU form
spherulites under certain conditions. In these PUs, it takes a long time to
form integral and clear spherulites.
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3.23 POM images for different samples.

In the center’s study, PHA-15-PU and PBA-10-PU have large spherulites
about 20–40 mm in diameter, while PEA-15-PU and PBA-20-PU have small
spherulites about 5–10 mm or less in diameter. PBA-15-PU is about 5–15 mm,
and PCL-15-PU is about 10–30 mm. The crystalline structure still cannot be
observed in PTMG-15-PU at 23 ∞C. It is worth noting that PEA-15-PU shows
a clear crystalline structure for a long time. However, the spherulite size of
the PCL-15-PUs is less than that of PU reported by Chang and Thomas,55
suggested that the presence of PEO-200 results in the decrease in spherulite
size due to the better compatibility between hard and soft segments.
For these PUs with similar SSC, the increasing order of spherulite size is
PEA-15-PU < PBA-15-PU < PCL-15-PU < PHA-15-PU, which depends on
the chemical structure of polyols. For PBA-15-PU, PCL-15-PU, and PHA15-PU, although the HSC is similar, their POM images are also obviously
different with variable polyols. Among them, the crystallites of PHA-15-PU
are big and loose, while the crystallites of PBA-15-PU and PCL-15-PU are
small and dense. The end temperature of PHA-15-PU is 47 ∞C higher than
the other two. The interface of PHA-15-PU is clearer than that of PBA-15PU and PCL-15-PU. These differences should depend on the chemical structure
of polyols and the resulting differing degree of crystallinity.
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For PBA-PUs, although the same PBA polyol forms crystallites in three
PUs, their POM images are obviously different, with variable HSC. Among
them, the crystallites of PBA-10-PU are big and dense, while the crystallites
of PBA-20-PU are small and loose. From DSC, WAXD, and DMA analysis,
we know that increase of HSC depresses the phase separation of the soft
block and hard block of copolymer and enhances their compatibility. Therefore,
an increase of HSC leads to the decrease in the degree of crystallinity of
PBA-PUs. As a result, the increased HSC makes the size of the spherulites
decrease. The end temperature of PBA-10-PU is 49 ∞C higher than that of the
other two.
The end temperature (Tem) of all these PUs is lower than 50 ∞C, suggesting
that only the soft segments form crystallites in the segmented PUs. Vallance
et al.56 proved that the end temperature of crystalline hard segment should be
observed from 170 to 250 ∞C, depending on molecular structure. The end
temperature of the crystalline soft segment was only below 80 ∞C. In addition,
Tem obtained from POM is usually lower than that from DSC, mainly due to
the lower heating rate in POM than in DSC.
In order for the soft segment to crystallize well, it should have regularity
of structure as well as adequately long chains.57 As reported by Foks et al.,14
the five types of polyols used in these PUs can crystallize.14 The authors
considered that polyesters with Mn = 2000, or greater, in general tended to
form large spherulites. Large spherulitic inhomogeneities were also observed
in PTMG/MDI/BDO PUs with high SSC as well as PTMG having Mn =
2000.56,58 However, in this study, the crystalline structure of the resulting
PTMG-15-PU cannot be observed through POM at the measured temperature
of 23 ∞C, suggesting that Tem of crystal melting of PTMG-15-PU should be
lower than the measured temperature of 23 ∞C. The result is consistent with
DSC and WAXD results.
Small crystallites can be observed at PBA-15-PU, PCL-15-PU, PHA-15PU, PBA-20-PU, and PBA-10-PU at 23–25 ∞C, while nothing can be observed
in PEA-15-PU and PTMG-15-PU through POM. The size and concentration
of crystallites as well as the end temperature are different for different PUs.
The chemical structure of the polyol, the presence of PEO-200, the time for
crystallization, HSC, and measured temperature will have a profound influence
on the size and concentration of spherulites as well as the end temperature.
A strong polar polyol and a long time for crystallization will lead to large,
clear, and integral spherulites, while high HSC, the presence of PEO-200,
and high temperature will result in a decrease in the size of spherulites.
Therefore, among these PU samples, PHA-15-PU shows clear, loose, and
large spherulites. PBA-PUs, PCL-15-PU, and PEA-15-PU have dense and
small spherulites, while no spherulites could be observed in PTMG-15-PU at
23 ∞C.
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Transmission electron microscopy

TEM is a technique analogous to optical microscopy, but uses an electron
beam and an electrostatic and/or electromagnetic lenses rather than a light
beam and glass lenses.3 Under favorable conditions the most capable
instruments can resolve detail at the 0.1 nm level, but such high-resolution
examination is seldom possible with polymers.19 TEM can be useful for
determining morphology of a block copolymer or a blend, provided there is
sufficient contrast between the phases. In PUs, in which phases are expected
to be very small, the high resolution of TEM has an advantage over other
microscopy techniques. For TEM to be a useful technique, however, contrast
is necessary. For the semi-crystalline PUs, the contrast between crystalline
domain and amorphous domain was insufficient.59 Therefore, contrastenhancing techniques such as staining were necessary. This approach places
heavy metals into particular sites via a chemical reaction or by absorption.
Ruthenium tetroxide (RuO4) was used to enhance the contrast. It could be
reacted with hard segment of polyurethane, with metallic ruthenium being
deposited to provide the image contrast. The transmission electron micrographs
in this book were observed on a Hitachi H-800 electron microscope. The PU
stick held by epoxy resin was cut by an ultra-microtome (Reichert-Jung,
made in Austria). These cut specimens were about 50 nm in thickness and
were exposed to the vapor of the solution of RuO4 at room temperature for
1 h. Then the stained specimens were observed with TEM.
The morphology of segmented polyurethanes can be studied at different
levels of structure differing according to their domain size. At an intermediate
level, a two-phase structure could be observed using TEM because the
dimensions of the domains are of the order of 5–100 nm.57 Therefore, the
degree of phase separation of polymer could be observed through TEM. A
complete description of sample morphology at this level comprises the
determination of the phase volume fraction, sizes, shapes, orientation,
connectivity, and interfacial thickness as a function of the segment
content and sample history for a series of satisfactory TEM photos to be
obtained.
Block copolymers possess incompatible sequences within their molecules
and exhibit characteristic morphological behavior and various interesting
properties.60 The various common structures are schematically shown in
Fig. 3.24.
At a low concentration of the light component A, dispersion of light
spheres in the dark matrix is expected. An increase in A content causes an
increasingly more asymmetric particle shape until the particles eventually
become cylinders. At about equal concentration of both phases A and B, a
lamellar structure is expected. At a still higher concentration of the light
phase A, phase inversion takes place, that is, the former dispersed (light)
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3.24 The different solid state morphologies in block copolymers.

phase A becomes continuous with the dark colored phase dispersed in it.
Therefore, the segregated micro-phase in block copolymers is of three types:
spherical, cylindrical, and lamellar.
The soft segment in the PUs here is 1,6-HDI end-capped with hydroxyterminated polyols, while the hard segment is the reaction product of MDI,
PEG-200, and BDO. The hard segment content for PBA-15-PU, PCL-15PU, PHA-15-PU, PEA-15-PU, and PTMG-15-PU is similar and is about 41–
42 wt%, and for PBA-10-PU, it is about 32 wt%. From the above analysis,
we know that the key features of these PUs are the crystalline soft segment
and amorphous hard segment with a linear chain. Meanwhile, these PUs
exhibit both a certain degree of phase separation and compatibility.
In the past, most TEM studies focused on the crystalline hard segment.
However, for partially crystalline systems the ordered hard segment phase is
thought to be composed of fringed lamellar domains with a thickness (parallel
to chain axis) of less than a few tens of nanometers.57 Figure 3.25 illustrates
schematically the way hard segments associate in the hard domains, which
grow laterally. However, in this study, the morphology of the crystalline soft
segment should be different from that shown in Fig. 3.25. The TEM image
could be interpreted using this figure after some revisualization as follows.
Direct visualization of the domain morphology was attempted for PBA-10PU with high SSC (about 66 wt%). There is no evidence for the presence of
microscope separation except that a vague pebbly texture of high and low
electron density regions as shown as Fig. 3.26. Lagasse61 obtained the similar
electron micrograph from his unstained polyurethane elastomer.
In order to enhance contrast of the specimens, some staining techniques
need to be employed. Initially, staining was carried out by placing the
samples in an atmosphere of sublimed iodine.62 Later, some researchers
employed osmium tetroxide (OsO4) vapor to enhance the contrast due to its
preferential attachment to the double bonds in the soft segment.63–66 Several
years ago, the treatment began to be carried out using ruthenium tetroxide
(RuO4) because of its quick attachment.15,16,67–69
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3.25 Schematic representation of the hard segment association into
domains: (a) at low hard segment content, and (b) at a higher hard
segment content.
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3.26 TEM photo of unstained PBA-10-PU.

In the center’s study, ruthenium tetroxide vapor was used to enhance the
contrast. Figure 3.27 shows TEM micrographs of RuO4-stained PBA-15PU, PCL-15-PU, PHA-15-PU, PTMG-15-PU, and PBA-10-PU. The staining
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3.27 Comparison of TEM images of unstained samples.

technique successfully enhanced the image contrast for the PUs; the micromorphology distribution of the specimen could be observed clearly. After
staining, the TEM micrographs revealed dark and white fields, with former
being ascribed to the hard segment due to its preferential attachment to the
urethane bonds in the hard segment.70 The difference in morphology of these
four PU samples could thus be observed clearly.
The HSC of PBA-15-PU, PHA-15-PU, and PTMG-15-PU are similar
about 41–42 wt%. Phase separation between the soft and hard segments of
PBA-15-PU and PHA-15-PU are not distinct, but the domain morphology
is well formed. The morphology of the two samples is very similar to
schematic image (b) of Fig. 3.25. The dark hard segment aggregates in the
two samples, while dark domains in the morphology of PBA-15-PU are
smaller and more uniform than those of PHA-15-PU. For PTMG-15-PU,
both phase separation and domain morphology are distinct, similar to the
schematic image (a) of Fig. 3.25. The white soft segment is the continuous
phase, while the dark hard segment is the dispersed phase with an average
diameter about 20–50 nm.
From the above analysis, we know that the stronger interaction between
polyols and the hard segment and the intermolecular attraction of PBA-PU
and PHA-PU result in the lower compatibility between the soft and hard
segments and a higher degree of crystallinity than that of PTMG-PU
accordingly. The majority of soft segments aggregate and form crystallites in
PBA-PU and PHA-PU, so their morphology exhibits a great deal of aggregation
of black hard segment. At the same time, owing to the higher degree of
aggregation in PHA-PU, the dark domain in the morphology of PBA-15-PU
is smaller and more uniform than that of PHA-15-PU.
Therefore, the lower degree of aggregation of polyol leads to uniform
distribution of hard and soft segments in the PTMG-PU when compared with
PBA-PU and PHA-PU (see Fig. 3.26). Li et al.71 proved that segmented
polybutadiene polyurethane with a low HSC of ⬃42 wt% has a morphology
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of dispersed, short, hard segment cylinders embedded in a matrix of
polybutadiene soft segments. Serrano et al.66 also obtained the same
morphological feature as PTMG-15-PU in the polybutadiene polyurethane
with 44 wt% HSC.
The morphology of stained PBA-10-PU (HSC of 32 wt%) shows sets of
parallel light and dark lines as indicated by the arrows in Fig. 3.26. The dark
lines are assigned to the stained hard segment, and the average inter-domain
distance (defined as the center to center spacing of dark or white fringes) is
about 50 nm. Usually, for lower HSC samples, no reliable information about
the actual structure can be derived from the stained or unstained sections.
This is because the two-dimensional projection of the specimen is not
interpretable when the size of the domain is much smaller than the thickness
of the specimen; meanwhile, either the domains are so densely but randomly
distributed in the matrix (domain overlap problem), or the domains are so
dilute and the inner potential difference between the two phases is so small
that their image contrast is too low. However, in this study, the domain
morphology of stained PBA-10-PU could be distinguished using this figure
due to the high degree of phase separation. Such a micrograph was also
obtained by Chen-Tsai et al.63 in the segmented polyurethane (HSC of 52
wt%) and Viogt-Martin and Mandelkern72 in a linear polyethylene sample
crystallized isothermally at 131.2 ∞C. Mandelkern73 considered that lamellarlike crystallites are the characteristic behavior for crystalline polymers. The
thickness of the lamellae is usually of the order of several hundred angstroms,
depending on the crystallization conditions. Therefore, the morphology of
PBA-10-PU indicates that the crystallization of the soft segment induces the
incompatibility between the soft segment and hard segment so that the domain
distribution could be observed after staining the sample.
In summary, there is no evidence for the presence of microscopic separation
except for a vague pebbly texture of high and low electron density regions
for the unstained PBA-10-PU. RuO4 successfully enhanced the image contrast
for the PUs through its preferential attachment to the urethane bonds in the
hard segment. Phase separation between the soft and hard segments of PBA15-PU and PHA-15-PU is not distinct, while the domain morphology is well
formed. For PTMG-15-PU, both phase separation and domain are distinct,
with an average diameter about 20–50 nm for dark dispersed hard segment.
The stronger interaction between polyols and the hard segment and the
intermolecular attraction of PBA-PU and PHA-PU result in the lower
compatibility between soft and hard segments and a higher degree of
crystallinity than that of PTMG-PU. The morphology of PBA-10-PU indicates
that the crystallization of the soft segment induces the incompatibility between
the soft segment and the hard segment so that the domain distribution could
be observed after staining. The average inter-domain distance of PBA-10PU is about 50 nm.
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Scanning electron microscopy

An image of the surface of a polymer can be produced by using SEM. In this
technique, a fine electron beam (5–10 nm in diameter) is scanned across the
sample surface in synchronization with a beam from a cathode-ray tube. The
scattered electrons produce an image with a depth of field that is usually
300–600 times better than that of an optical microscope, and also enables a
3D image to be obtained. Most scanning electron microscopes have
magnification ranges from ¥20 to ¥100 000. As polymers tend not to be good
conductors, they need to be coated with a thin layer of a conducting material
such as gold.74–76
SEM images of the PUs synthesized by the center were observed on a
Leica Stereoscan 440 with secondary electrons detector (SE1). Through SEM,
the surface and cross-section of a membrane can be observed. Figure 3.28
shows two SEM images from a PU film surface (prepared by the method
described in Section 3.5) after being etched by a solvent N,Ndimethylmethanamide for two weeks. The left image is magnified 1500
times and the right scan 5000 times. The images clearly show some special
morphology of the PU.

3.10

Positron annihilation lifetime spectroscopy

In recent years, PALS has been shown to be an attractive tool for
determining the angstrom-sized free-volume holes and their concentration in
polymers.17, 77–85 It has been demonstrated that PALS is capable of determining
size, distribution, and fraction of holes and free volumes in polymer while the
angular correlation of annihilation radiation provides the anisotropy information
of these sub-nanometer structures.82 The process of positron annihilation is
briefly outlined below. The instrumentation is shown in Fig. 3.29.
When positrons enter a condensed medium such as a polymer, they
thermalize very rapidly by losing their energy through collisions with the

3.28 SEM images of a solvent-etched PU film surface.
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3.29 Instrumentation of a PALS.

molecules. Thermalized positrons annihilate with electrons in the medium. A
positron can also form a bound state with an electron, called positronium
(Ps), which can exist in two spin states. The singlet (para state referred to as
p-Ps) with anti-parallel spins has a self-annihilation lifetime of 0.125 ns and
decays by the emission of two photons. The triplet (ortho state referred to as
o-Ps) with parallel spins has a considerably longer lifetime and it annihilates
in free space into three photons with a lifetime of 140 ns. In polymers, this
o-Ps annihilates predominantly via a fast channel called pick-off annihilation
(with an outside electron of the medium) by two-photon emission and its
lifetime is reduced to 1–5 ns. The o-Ps pick-off lifetime depends on the
overlap of the Ps wave-function with that of the electron in the free-volume
cavity. The larger the cavity size, the smaller is the overlap and hence the
longer is the lifetime.77 Thus, the formation of o-Ps and its yield in polymers
are determined by positron lifetime measurement, attributing the long-lived
component to o-Ps decay.85
Generally, the attribution of the three resolved lifetime components to
various states of positron annihilation is as follows. The first short-lived
component (t1) with intensity I1 is attributed to p-Ps and free positron
annihilations. The intermediate lifetime component (t2) with intensity I2 is
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considered to be caused mainly by the annihilation of positrons trapped at
the defects present in the crystalline regions or trapped at the crystalline–
amorphous (c-a) interface. The longest-lived component (t3) with intensity
I3 is due to pick-off annihilation of the o-Ps in the free-volume sites present
in the amorphous regions of the polymer matrix.
In polymers, the o-Ps pick-off lifetime (t3) with intensity (I3) is important
because t3 is related to the average free-volume size and I3 is related to a
combination of number density of free-volume holes and the probability of
o-Ps formation, and hence is the focus of this investigation. Because diffusion
in polymers has a direct relation to the free-volume content of the polymer,
t3 and I3 need to be examined in order to understand the diffusion kinetics in
terms of free volume. These two parameters are independent of the first two
lifetime components. Therefore, only t3 and I3 results and the discussion
related to them are presented. The o-Ps lifetime (t3) is related to the freevolume hole size by a simple relation given by Nakanishi.86 As in this model,
the o-Ps resides in a spherical potential well of radius R0 having an infinite
potential. It is further assumed that o-Ps annihilates in a homogeneous electron
layer of thickness DR inside the well. The final relation according to this
model between o-Ps lifetime (t3) and free-volume radius (R) is

t 3–1 = 2[1 – (R/R0) + (1/2p) sin(2pR/R0)]ns–1

(3.11)

where R0 = R + DR. The parameter DR has been determined by fitting the
experimental values of t3 obtained for materials of known hole sizes such as
zeolites. The value of DR = 0.1656 nm was obtained in this way. This equation
is used to calculate the free-volume radius of the polymer samples at
each sorption level. Then the average free-volume size is evaluated as Vf3
= (4/3)pR3. From this average free-volume size, the fractional free-volume
(Fv) is calculated using the relation.
Fv = CVf3I3

(3.12)

where C is the structural constant and can be obtained from a measurement
of the thermal expansion coefficient of free volume (a 0). So o-Ps lifetime
(t3) and hence Vf3 as a function of sorption time are obtained.
In the center’s study, free volume was measured using PALS with a
conventional fast–fast coincidence spectrometer. The time resolution of the
system was found to be a sum of two Gaussian peaks with full width half
maxima (fwhm)1 = 280 ps (91%) and (fwhm)2 = 260 ps (9%). A 30 mCi 22Na
position source was sandwiched between two pieces of identical samples
and mounted to a cryostat cooled by liquid nitrogen for measurement of
temperature dependence of position lifetime. Each spectrum contained
approximately 106 counts for computer analysis using PATFIT.
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Vapor transport property

Water permeability is the most important property for the membranes used
in protective clothing, construction applications, and membrane separation.
Moreover, recently, it has been proposed that permeation may be viewed as
a simple or fundamental process.87 Various test methods are available for
evaluating the permeability of membrane. The most conventional method is
to calculate the permeability by the following equation:
P=D·S

(3.13)

where P is the permeability coefficient, D is the diffusion coefficient, and S
is the solubility coefficient. This equation has been widely used in the literature.
However, the problem of gas diffusion in, and permeation through,
inhomogeneous polymers is more complex. This equation is available only
at ideal permeation such as in the limit of low permeability and diffusion
concentration.87
As a result, the direct measurement of permeability of membranes was
suggested and the permeable mechanism become of great theoretical interest.
One of the main methods is the water cup method, which is especially
suitable to evaluating those membranes having low sorption and permeability
properties. Some researchers used this method to measure the water vapor
permeability, and a satisfactory relationship between microstructure and
permeability of membrane could be obtained.11,88,89 Therefore, in this study,
water vapor permeability will be measured based on the water cup method.
Meanwhile, sorption of water vapor in the membranes is characterized by
the swelling coefficient. The detailed description is as follows.
Equilibrium water sorption measurement was performed by immersing a
pre-weighed sample of PES-PU in distilled water at a specified temperature
such as 10, 20, 30, and 40 ∞C until sorption equilibrium was attained. After
removing surface water using a centrifuge, the amount of water vapor absorbed
by these specimens could be obtained. The sorption of water vapor in polymers
are characterized by the swelling G (wt%) that can be calculated from the
water vapor absorbed, m – m0, of the membrane at equilibrium and the mass
of the dry polymer, m0:

G(wt%) =

( m – m0 )
m 0 ¥ 100

(3.14)

The water vapor permeability of the membrane was measured based on the
water cup method, referring to ASTM E96-00 standard. That is, an open cup
containing water was sealed with the specimen membrane, and the assembly
was placed in a test chamber at different temperatures of 10, 20, 30, and
40 ∞C with a constant relative humidity of 50%, and then the water lost was
recorded after 12 h. Finally, water vapor transmission rate, water vapor
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permeance, and water vapor permeability could be calculated using the
equations below.
Water vapor transmission rate (WVT) is defined as the steady water vapor
flow in unit area of a body, normal to specific parallel surfaces, under specific
conditions of temperature and humidity at each surface.
G/t
WVT = G =
tA
A

where,
G=
t=
G/t =
A=
WVT =

(3.15)

weight change (from the straight line), g
time during which G occurred, h
slope of the straight line, g/h
test area (dish mouth area), m2
rate of water vapor transmission, g/h/m2.

Water vapor permeance is defined as the time rate of water vapor transmission
through unit area of flat material or construction induced by unit vapor
pressure difference between two specific surfaces, under specified temperature
and humidity conditions. It could be calculated using equation (3.17) as
follows.
Permeance = WVT = WVT
S ( R1 – R2 )
Dp

(3.16)

where,
Dp = vapor pressure difference, mm Hg (1.333 ¥ 102 Pa)
S = saturation vapor pressure at test temperature, mm Hg (1.333 ¥ 102 Pa)
R1 = relative humidity at the source expressed as a fraction
R2 = relative humidity at the vapor sink expressed as a fraction
Water vapor permeability (WVP) is defined as the time rate of water vapor
transmission through unit area of flat material of unit thickness induced by
unit area vapor pressure difference between two specific surfaces, under
specified temperature and humidity. The average WVP could be calculated
using equation 3.18 as follows:
WVP = permeance ¥ l

(3.17)

where l = thickness of the membrane.
There is no single experimental technique that can be used to assess fully the
unique properties of SMP. The experimental techniques highlighted in this
chapter are the basic and important means to quantitatively and quantitatively
characterize each unique feature of SMP. We have shown that DSC and
WAXD measurements are able to probe the thermal property and semicrystalline structures of the SMP. The viscoelastic behavior and glass transition
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temperatures have been observed and measured by DMA. It is observed that
the E¢ of the SMP has a transition range from 0 to 40 ∞C, indicating that the
SMP can be designed from the synthesis stage to suit the criterion of being
used in clothing. FTIR studies have been carried out to investigate some of
the structural features, in the center’s case, the hydrogen bonding between
the hard and soft segments so as to quantify the degree of phase separation.
Only SMP, with effective phase separation, can present a good shape memory
effect. Raman spectroscopy has been used to assess the degree of molecular
orientation of hard segments in SMP films. This signifies the unique molecular
alignment of hard segments at various contents. Molecular weight (ranges
from 70 000 to 100 000) and nearly constant polydispersity (⬃2) have been
measured by GPC for different PU samples. Surface morphology of SMP
and its structural change can be monitored by POM and TEM images during
crystallization, which features the presence of anisotropic structure. As the
temperature rises, the amount of bright crystallite decreases before disappearing
completely. Surface treatment of a PU sample can be monitored by SEM
with different magnifications. We shall assess the tensile properties of the
SMPs by using an Instron instrument in Chapter 6. In addition, the shape
memory effects of SMPs are characterized by Instron equipped with a
temperature-controlled chamber.
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4
Structure and properties of shape memory
polyurethane ionomer

According to the mechanism of shape memory effect, in shape memory
polyurethane (SMPU), the reversible phase has the melting or glass transition
temperature of the soft segments, since the transition temperature is used to
hold the temporary deformation. The fixed phase refers to the hard segments
covalently coupled to the soft segments.1–3 It inhibits the plastic flow of the
chains by having physical cross-linkage points that are responsible for
memorizing the permanent shape. In the linear segmented PU system, the
strong inter-molecular force among the hard segments results from their
possessing high polarity and hydrogen bonding due to the presence of urethane
and urea units. The hard segment phase with the highest thermal transition
temperature (Tperm) acts as the physical cross-link points and controls the
permanent shape. Heating above the highest thermal transition point means
the physical cross-links between the hard segments will be destroyed. All the
molecular chains melt and can be processed with traditional processing
techniques such as extrusion, injection molding, or blow molding, in which
the permanent shape of some products with a specific shape can be formed
easily by cooling. The shape memory effect of PU therefore is mainly influenced
by the hard segment content (HSC) and the moiety of its molecular structure.4
When cooling below Tperm and above the glass transition or melting point
of soft segments of SMPU, the SMPU is still relative soft and readily deformed
but cannot flow because of the restraint of the physical cross-links. In this
process, the temporary deformation can be easily conducted by stretching or
compressing and causing the molecular chains to be oriented, with the loss
of entropy. Cooling SMPU deformed below the glass transition or melting
point of soft segments means, the soft segments under glass status or crystalline
state begin to restrain the movement of molecular chains and keep the materials
relatively rigid, with high modulus at two or three orders greater than that at
the previous stage, so as to fix the deformed shape. Reheating above the
glass transition or melting point of soft segments but below Tperm can enable
the molecular chain to move and simultaneously induce the shape recovery
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due to entropy elasticity. The materials will return to their original shape and
regain the entropy lost in the deformation process.
In terms of the fixity function of SMPU, it can be found that the soft
segment phase enables the fixity of temporary shape as a molecular switch
which dominates the variation of transition temperature and the extent of
fixity of temporary deformation. In that, the soft segment content, its molecular
weight, and morphological structure play a significant role in the shape
memory effect, as in the reported results.5 When conducting research on
SMPU, these parameters are paramount in controlling the shape memory
property in general.2,3,6,7 This in turn, provides a way to control the measurable
shape recovery and shape fixity ratio in particular.
For a segmented PU ionomer, with the introduction of ionic groups on
molecular chain, the relations between properties and structure will be of a
specific nature and have been described in the related literature by Kim
et al.8 This series of segmented PU ionomers composed of MDI, PCL, BDO,
and DMPA, shows the different properties from the corresponding nonionomer for the Coulombic force between the ionic groups on the hard
segment. The ionomers give higher hardness, modulus, and strength and the
effects are more pronounced with increasing HSC and at room temperature.
Meanwhile, the DSC result indicated that for PCL-4000 (Mw = 4000)-based
PUs with 70% SSC, the PU non-ionomers and ionomers showed similar
thermal behavior except that the non-ionomers were of slightly lower DHcs
(heat of crystallization) and DHfs (heat of fusion), implying an enhancement
of the micro-phase separation in the ionomers. However, when the soft segment
content is 55% and of the same soft segment length, its crystallization is
observed in non-ionomers but not in ionomers, suggesting a decrease of the
micro-phase separation with the presence of ionic groups.
Accordingly it is concluded that the two-fold effect of ionic groups within
hard segments exists. This two-fold effect of ionomer on micro-phase separation
might result from the effect of ionic group on the cohesion among hard
segments and the extent of the order of hard segments, which was systematically
studied by Chen and Chan.9 Kim et al.8 also reported that for the ionomer
and non-ionomer, the ionomer gives higher recovery strain and lower residual
strain compared with the non-ionomer, while the strain upon uploading is
almost the same. Therefore, study of the effect of ionic groups within hard
segment on SMPU will provide a useful reference for the molecular design
of these smart materials.

4.1

Morphology of crystalline soft segment in
shape memory polyurethane ionomer

Segmented PUs are thermoplastic block copolymers with a wide range of
glass transition temperatures. Foremost of the unique mechanical properties
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of this class of copolymers are the pseudo-elasticity and thermal-responsive
shape memory effect. Owing to the presence of soft and hard segments, the
former comprises the reversible phase while the latter forms the frozen phase.
The material can restore its original shape upon heating above certain
temperature Ts (melting point of soft segment) after being strained. This
unique feature has aroused serious research interests from both academia
and industry since 1985. Li et al.3,6 have investigated the relations between
the shape memory effect and molecular structure of segmented PU with PCL
(poly(e-caprolactone)) as the soft segment. The authors concluded that high
crystallinity of the soft segment regions at room temperature was a necessary
prerequisite for the segmented copolymers to demonstrate shape memory
behavior. The immediate conclusion is that crystallization plays an important
role on the shape fixation in segmented PU. In addition, it is observed by
Bogdanow et al.10 that the crystallinity, crystallization rate, and physical
mobility of the PCL soft segment during crystallization depend upon the
hard segment concentration, length of the soft segment, and total molecular
weight of the block copolymer (poly(ether urethanes) (PEUs) in their case).
Taking into account these interrelated parameters, Bogdanow et al. concluded
that: (i) crystallization was inhibited by the shortening of the crystallizable
block resulting from the enhanced number of interconnections between soft
and hard segments, and (ii) crystallizability of the PEUs is inversely proportional
to the total molecular weight of the polymer: the highest degree of crystallinity
can be achieved by using the lowest molecular weight PEUs. Therefore, it
can be concluded that the soft segment length, hard segment content, and the
total molecular weight play important roles on the crystallization of the
crystallizable soft phase in segmented PU. In our study, we focus on the
effect of ionic groups within the hard segment on the micro-structure of
shape memory PU ionomer, including the morphology of soft segment crystal,
melting behavior of soft segments, and the extent of micro-phase separation.
All the structure factors in turn could be used to control the shape memory
effect of this kind of smart material in the molecular design.
Figure 4.1 shows the crystal morphologies of PCL-4000 and PU ionomer/
non-ionomer. The nominal crystal size shown on the figure is about 30–50 um
which is consistent with the literature reported.11 In general, both the average
crystal sizes of PU non-ionomers and ionomers decrease with increasing Mw
compared with that of PCL-4000. However, the evolution of crystal morphology
for each pair of PU non-ionomer and ionomer samples with the same Mw
value is different. For instance, in the case of PU-20N/PU-20I, which falls
into the low Mw region, the crystal size in PU-20N is smaller while the
crystal outlook still resembles roughly the morphological details as in PCL4000. This illustrates the effect of ionic groups in hard segments on the
crystal size and in turn the crystal morphology in PU.
The pair of PU samples denoted by PU-58N/PU-58I shares a similar
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PCL-4000

10 mm per unit

PU-20N

PU-20I

PU-58N

PU-58I

PU-71N

PU-71I

4.1 Polarized optical microscopy images of the crystals for PCL-4000
and PU non-ionomers and ionomers with different molecular weights
are presented. (The series of PU samples are designated as PU-XX,
where XX denotes the number average molecular weight in kg/mol,
a letter either representing non-ionomers, ‘N’, or ionomers, ‘I’,
follows. The soft segment content is calculated by assigning PCL4000 units to the soft segment.)

surface morphology. Their crystal sizes in PU are nearly the same but originate
from a different morphological transformation. The last pair of samples (PU71N/PU-71I) has the highest Mw value, but their crystal sizes are the smallest
of all the other PU films. The difference in morphological transformation
suggests the different effects played by the Coulombic forces on the
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crystallization process. This opens up a new line of research on the perturbation
of crystallization kinetics analysis of such copolymers.

4.2

Thermal properties of shape memory
polyurethane ionomer

Heat flow
exdo
endo

To study the effect of ionic groups within hard segments and total molecular
weight on phase separation and crystallization of soft segment in segmented
polyurethane with various Mw values (20 000–71 000), reheating scans were
recorded as shown in Fig. 4.2, in which the segmented PU non-ionomer and
ionomer were heated to 200 ∞C beforehand to remove the heat history and
then quenched to –100 ∞C with a rapid cooling rate. As shown in Fig. 4.2 and
Table 4.1, the glass transition temperature (Tg) of the soft segment increases
with increasing Mw value of the PU samples. It has been reported that the
more the hard segment dissolves in the soft domain the higher the restriction
of soft segment mobility.12–24 In view of the fact that the PU samples are of
the same hard segment content, DMPA content, and molecular structure, the
effect of the Mw value on the change of Tg is quite pronounced. The rise of
Tg with Mw suggests that high molecular weight PU samples enhance the
mixing process of the soft and hard segments. However, it is observed that
the change in the heat capacity (DCp) of PCL-4000 is smaller than that of the
PU samples which may be due to the existence of non-isothermal crystallization

Tg
a
b
c
d
e

Tg
f
g
–100

–50

0
Temperature (∞C)

50

100

4.2 DSC heating curves (20 ∞C/min) of (a) PCL-4000 after cooling at
200 ∞C/min from 120 ∞C, (b) PU-20N non-ionomer, (c) PU-20I ionomer,
(d) PU-58N non-ionomer, (e) PU-58I ionomer, (f) PU-71N nonionomer, and (g) PU-71I ionomer.
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Table 4.1 Thermal properties of PCL and PU samples

PCL-4000
PU-20N
PU-20I
PU-58N
PU-58I
PU-71N
PU-71I

Tg(∞C)

T(end)–
T(onset)

DCp
(J/g ∞C)

T(end)
(∞C)

T(onset)
(∞C)

–65.81
–46.40
–46.71
–41.29
–43.86
–32.00
–39.46

8.94
15.86
14.95
12.32
13.79
15.71
17.32

0.056
0.303
0.285
0.208
0.176
0.205
0.203

–61.18
–39.35
–39.92
–34.95
–37.18
–24.3
–30.64

–70.12
–55.21
–54.87
–47.27
–50.97
–40.01
–47.96

processes participating in the cooling process of the PCL-4000. Therefore,
the amount of amorphous phase having flexible molecular chain of PCL4000 is decreased, resulting in a smaller DCp.
The melting endothermal peak of the DSC curve of PCL-4000 is a signature
of the crystallization process. In Table 4.1, it is worth noting that both the Tg
and DCp values of the PU ionomers are smaller than those of the corresponding
PU non-ionomers. The drop of DCp is direct evidence showing that the
Coulombic forces between the ionic groups can restrict the soft segment
mobility. However, from the decrease of Tg value after neutralizing the
corresponding PU non-ionomers, an improvement is observed of the microphase separation, especially in high molecular weight PU ionomers. After
neutralization of PU samples, for instance, PU-71N and PU-71I, the Tg of
the soft segment is decreased substantially with the presence of ionic groups,
suggesting that the Coulombic forces improve the micro-phase separation.
These forces enhance largely the hard segment’s congregation for high
molecular weight PU samples, resulting in lowering the Tg values. Thus the
effect of Coulombic forces is different on PU samples with different Mw
values. These forces play different roles on the crystallization process in PU
samples with different molecular weights.
From the DSC thermograms of PU-20N and PU-20I, there are exothermic
recrystallization peaks at about –10 and 0 ∞C, respectively. However, for the
thermograms of PU-20N and PU-20I as shown in Fig. 4.2(b) and (c), not
only the peak position but also the peak shape is totally different, suggesting
that the crystallization rate and crystallization mechanism have been altered
by neutralization. As the molecular weight increases, the DSC thermograms
in Fig. 4.2(d)–(g) for samples PU-58N, PU-58I, PU-71N, and PU-71I show
decreased PU crystallizability, resulting in no significant exothermic
recrystallization and melting features.
In addition, ionomer moiety acting as part of a chain-extender for the hard
segments was supposed to provide the necessary Coulombic force to recover
the temporary deformation. Meanwhile, the introduction of ionic groups was
expected to disrupt the order of the hard segments or enhance the micro-
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phase separation, which possibly improved the crystallizability for soft
segments. This provides an easy way to adjust the inter-connectivity between
the hard domains and the crystallizable soft segments in thermal plastic
SMPU, providing a systematic step to improve the shape memory effect in
segmented PU used in shape memory textile industries.
The thermograms of all the PCL-10 000-based SMPU cationomers with
various ionic group contents studied showed the exothermic crystallization
peak of the soft segment in the cooling scan and the endothermic melting
peak of the soft segment in the reheating (second heating) scan as shown in
Fig. 4.3 and 4.4. Not all the crystallization and melting behavior of hard
segment can be detected in this testing cycle. The thermal properties data are
given in detail in Table 4.2. In the NMDA and BIN series of SMPU cationomers,
it was observed that Tcs (crystallization temperature of soft segment) and
DHcs (the enthalpy of crystallization of soft segment) increased significantly
with increasing ionic group content, suggesting that the SMPU cationomer
with a high ionic group content has a stronger crystallizability than others.
Moreover, the value of Tcs and DHcs of the NMDA series are lower than that
of the BIN series, indicating that the degree of soft segment crystallization
in the BIN series is higher than that in the NMDA series. Accordingly, in the
reheating scan, Tms (the melting point of soft segment) and DHms (the melting
enthalpy of soft segment) of these two series increased with increasing ionic
group content in the hard segment.
According to the mechanism of the shape memory effect proposed for
segmented copolymers reported in previous studies,3,15 the crystalline soft
segment is responsible for the fixity of deformation. Therefore, it is expected
that the higher crystallinity of the soft segment induced by the ionic group in
the hard segment might facilitate the enhancement of temporary deformation
fixity. Besides, it is worth noting that there are double-melting features in all
the DSC reheating thermograms shown in Fig. 4.3 and 4.4. A similar signature
was also observed on the 30/70 DGEBA/PCL blend,16 binary blends of
solution-chlorinated polyethylenes (CPE) with PCL, and blends of
poly(hydroxyl ether of bisphenol A) (phenoxy) with PCL. 17,18 PCL/
poly(styrene-co-acrylonitrile) was investigated by Rim and Runt.19 In the
study of phenoxy/PCL by Defieuw et al.,18 the isothermal crystallization
process was interrupted after different time intervals and the DSC melting
trace was immediately recorded. The higher melting endotherm is of a fixed
temperature after short isothermal crystallization times (primary crystallization),
while the lower melting peak appears only after much longer crystallization
times (secondary crystallization). The secondary crystallization is supposed
to occur in the amorphous phase segregated during the primary crystallization
of PCL, resulting in a slower crystallization process, as happens in the presence
of a higher phenoxy concentration. Therefore, the lower melting peak of the
soft segment in SMPU cationomer in this study might be attributed to the
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4.3 Cooling scan (a) and reheating scan (b) of NMDA series SMPU
cationomer (PU non-ionomer was synthesized and the corresponding
PU cationomer was obtained by quaternizing amine groups of NMDA
or BIN with stoichiometric acetic acid (HAc). The content of extender
with ionic moiety was gradually increased from the minimum to the
maximum allowable value. The sample code is designated to NMDA
XX-X or BIN XX-X, where the first two numbers means soft segment
content and the last number represents the ionic group content.)

secondary crystallization. The effect of ionic groups on the hard segment can
be found to induce more secondary crystallization, and subsequently increase
the total crystallinity.
Comparison between an SMPU ionomer and the corresponding SMPU
non-ionomer could be made to manifest the effect of ionic groups on the

Heat flow endo

Structure and properties of shape memory polyurethane

121

75-0
BIN75-4
BIN75-6
BIN75-8
BIN75-11
0

20

40 60 80 100 120 140 160 180 200
Temperature (∞C)
(a)
BIN75-11
BIN75-8
BIN75-6
BIN75-4
75-0

Heat flow endo

–40 –20

–40 –20

0

20

40 60 80 100 120 140 160 180 200
Temperature (∞C)
(b)

4.4 Cooling scan (a) and reheating scan (b) of BIN series SMPU
cationomer.

thermal properties in this series of smart materials, subsequently revealing
the effect of ionic groups within hard segments on shape memory effect. The
two series of PCL-4000-based PU copolymers (non-ionomer and ionomer)
are numbered by three digits followed by one letter. The first two numbers
denote the soft segment content, the third represents the DMPA weight content,
and the letter indicates whether it is a non-ionomers, ‘N’, or an ionomer, ‘I’.
As an example, sample 60-5I contains 60 wt% of soft segment, 5 wt% of
DMPA and it is ionomer charged with TEA. The sample 60-0 contains no
DMPA but MDI, BDO, and PCL-4000 components as compared with the
two series above.
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Table 4.2 Thermal properties of SMPU cationomer
Sample No.

75-0
NMDA75–2
NMDA75–4
NMDA75–8
BIN75–4
BIN75–6
BIN75–8
BIN75–11

First heating at
10 ∞C/min

Second heating at
10 ∞C/min

Cooling at
10 ∞C/min

Tms(∞C)

DHms(J/g) Tms(∞C)

DHms(J/g)

Tcs(∞C)

DHcs(J/g)

49.20
51.82
52.12
50.43
50.16
46.94
50.01
47.46

39.37
48.15
49.73
52.72
43.80
39.81
44.94
41.75

35.62
45.36
46.86
46.59
48.93
50.60
51.37
49.45

9.17
6.75
10.18
12.65
8.74
12.14
18.93
19.59

–32.33
–38.97
–42.59
–43.61
–46.56
–44.87
–46.24
–43.97

43.46
44.66
46.81
47.14
45.99
46.63
48.13
48.50

(41.97)
(41.96)
(40.75)
(41.09)
(43.79)
(43.29)

The thermograms of all the SMPU non-ionomers and the corresponding
ionomers studied showed the endothermic melting peak of soft segment
when heated as shown in Fig. 4.5. The data about thermal properties are
given in Table 4.3. When the DMPA content is low enough such as 60-5I, the
endothermic melting peak of the hard segment of PU ionomer at around
162 ∞C could be observed easily, however, the corresponding PU non-ionomer
60-5N did not show the distinct melting peak of the hard segment. The
melting of the hard segment in all PU non-ionomers and the PU ionomer
with a DMPA content higher than 5% was not observed in the DSC
investigation. It might be because the increased DMPA content on the hard
segment disrupted the order of the hard domain. In comparison with the PU
sample without DMPA such as 60-0, the melting point and the enthalpy of
melting of soft segment of PU non-ionomer/ionomer were increased. Just
like the experimental result reported by Jeong et al.20 with the increase of
DMPA content, the enthalpy of the soft segment of the two series generally
increased. Especially for the PU ionomer, this trend is more significant and
the increase of the melting enthalpy is higher than the corresponding PU
non-ionomer, illustrating, in the PU ionomer, its higher crystallinity of the
soft segment compared with the PU non-ionomer.
From Fig. 4.6 sample 60-0 without DMPA, the crystallization exothermal
peak of soft segment and hard segment show up, suggesting that the two
phase separation structures existed. However, the introduction of DMPA into
the hard segment causes the disappearance of the crystallization exothermal
peak of the soft and hard segments, observed from the cooling curve of PU
non-ionomer series. Instead, for the PU ionomer series, when the DMPA
content is higher than 10 wt%, such as in samples 60-10 I and 60-13 I, the
crystallization exothermal peak of the soft segment could be observed,
suggesting that the ionic groups with a high concentration in the hard segment
could facilitate the phase separation, which increases the crystallibility of
the soft phase.
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4.5 Heating scan at 20 ∞C/min with DSC from 0 to 240 ∞C for PU nonionomer and ionomer.

4.3

Isothermal crystallization kinetics of the soft
segment in shape memory polyurethane
ionomer

In the Shape Memory Textile Center’s study about the effect of microstructure and molecular weight on the crystallization of the soft segment in
segmented PU, segmented PU ionomers having PCL as the soft segment
with different molecular structures were synthesized and investigated. The
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Table 4.3 Thermal properties of PU non-ionomer and ionomer
Sample
No.

60-0
60-5N
60-8N
60-10N
60-13N
60-5I
60-8I
60-10I
60-13I

Heating at 20 ∞C/min

Cooling at 20 ∞C/min

Tms
(∞C)

DHms
(J/g)

Tmh
(∞C)

DHmh
(J/g)

Tcs
(∞C)

DHcs
(J/g)

52
56.3
56
54.3
56
58
57.3
57.7
56

19.86
23.4
27.7
33.7
31.9
26.88
35.64
37.3
38.16

195.67
–
–
–
–
162.67
–
–
–

14.12
–
–
–
–
7.23
–
–
–

–5.1
12.29
–
–
–
–
–
–
–
–
–
–
–
–
3.93 24.77
3.93 32.43

Tch
(∞C)

DHch
(J/g)

161.9
–
–
–
–
–
–
–
–

–8.85
–
–
–
–
–
–
–
–

Tms: melting temperature of soft-segment; DHms: enthalpy of melting soft-segment;
Tmh: melting temperature of hard-segment; DHmh: enthalpy of melting hardsegment;
Tcs: temperature of soft-segment crystallization; DHcs: heat of soft-segment
crystallization; Tch: temperature of hard-segment crystallization; DHch: heat of hardsegment crystallization

introduction of ionic groups to the hard segment was expected to give the
segmented PU ionomer some novel functions and improved physical properties,
as reported on different molecular systems with primary focus being on antibacterial activity,21 ionic conductivity,22 high tensile modulus and tensile
strength at room temperature,8 and increased water vapor permeability.20,23
In order to understand the role played by the total molecular weight and
ionic groups within the hard segment on the overall property of the copolymer,
the first step was to elucidate the effect of ionic groups within the hard
segment on the crystallization of the soft segment. In practice, to assess the
effectiveness of the shape memory effect, the copolymers were subjected to
a testing routine including the heating, deforming, and cooling of the sample.
The testing cycle called for a thorough understand not only of the crystallinity
and melting temperature of crystallization, but also of the crystallization rate
and crystallizability. The effect of molecular weight and ionic groups within
the hard segment on the crystallizability and melting behavior were studied
with isothermal crystallization kinetics. The crystallization kinetics of PCLbased PU ionomers was investigated under isothermal conditions. Two
nucleation parameters in the Avrami equation, n and K, depending on the
nucleation details were determined for the PU non-ionomers and ionomers.
The overall kinetics of the isothermal crystallization from the melt can be
analyzed on the basis of the Avrami equation.24 This crystallization theory is
widely accepted as describing the physical behavior of a variety of
crystallization processes,25–30 for instance, semi-crystallization in polymers,
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4.6 Cooling scan at 20 ∞C/min with DSC from 0 to 240 ∞C for PU
non-ionomer and ionomer.

polymer blends, and copolymers. A modified Avrami equation, called the
Ozawa equation, is used to describe the crystallization kinetics:
X(t) = 1 – exp(–Ktn)

(4.1)

which can be linearized in the form:
ln[–ln(1 – X(t))] = n ln t + ln K

(4.2)

where n is the Avrami (Ozawa) exponent whose value depends upon the
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mechanism of nucleation and on the crystal-growth geometry, and K is a rate
constant containing the nucleation and the growth parameters. Theoretically,
if equation (4.2) can adequately follow the crystallization process, a plot of
ln[– ln(1 – X(t))] against ln t should yield a straight line with slope n and
intercept ln K.
The double logarithmic plots of ln[–ln(1 – X(t))] against ln t for PCL4000, non-ionomers, and ionomers at various temperatures are shown in Fig.
4.7. The series of PU samples is designated as PU-XX, where XX denotes
the number average molecular weight in kg/mol, a letter either representing
non-ionomers, ‘N’, and ionomers, ‘I’, follows. The soft segment content is
calculated by assigning PCL-4000 units to the soft segment. The content of
DMPA, soft segments, and the extent of neutralization in PU ionomer and
non-ionomer samples were adjusted to approximately the same values to
investigate the effect of ionic groups on the crystallization mechanism of
PCL-4000-based PU with various Mw values. The molecular weight of the
PU was determined by using GPC (Hewlett Packard 1050) with THF as the
eluting solvent. Each plot represents a linear dependence of ln[– ln(1 – X(t))]
on ln t, but of slight deviation from the prediction when both parameters are
large, indicating the existence of a secondary crystallization of PCL which
occurs consecutively with the primary one. The study of PCL (Mw = 80 000)
by Kuo et al.31 suggests that the PCL with a higher Mw value has the same
tendency at a later stage in the crystallization process. The deviation is
attributed to the secondary crystallization involving fibrillar growth between
the primary lamellae of the spherulite, and leading to the occurrence of
spherulite impingement.
The values of n and K for a particular sample can be determined from the
initial linear portions of the double logarithmic plots shown in Fig. 4.7. The
results for different samples are summarized in Table 4.4. The Avrami parameter
n of PCL-4000 at 40 ∞C in the center’s experiment is consistent with that
reported by Bogdanow et al.10 For PCL-4000, the Avrami parameter n is
approximately 1–2 and 3–4 at low and high crystallization temperatures,
respectively. The isothermal crystallization of PU can be described by the
Avrami equation with the exponent n ranging from 2 to 3 at the crystallization
temperature chosen in this study. However, it has been observed that the
ionic group in the hard segments plays a significant role in altering the
crystallization mechanism in PU films.
The Avrami parameter n is decreased from 3 to 2 after the neutralization
process in PU samples with lower Mw values, such as PU-20I and PU-58I,
but is increased from 2 to 3 in samples with higher Mw values such as PU71I. This is a manifestation of a different crystallization mechanism induced
by the ionic groups in PCL-4000-based PU with different Mw values. An
understanding of the Mw dependence of the Avrami parameters is slightly
more involved. In PU samples with lower Mw, the extent of the soft and hard
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4.7 Plots of ln[–(ln(1–X(t))] against ln t for isothermal crystallization with various temperatures.
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segment phase mixing is relatively not very high compared with that in high
Mw samples. Under this circumstance, the effect of ionic groups in the hard
segments on the micro-phase separation is not effective. However, the increased
hard segment cohesive force induced by the ionic groups after neutralization
may bring about a restriction on the physical mobility of the soft segments,
resulting in the decrease and increase of the Avrami parameters n and K,
respectively. In PU samples with higher Mw values, the extent of phase
mixing is expected to be higher. The Coulombic forces between ionic groups
improve the micro-phase separation significantly. The crystallization
mechanism is then altered and can be observed by the reversed change in the
Avrami parameters n and K.
The half-crystallization time t(0.5) is defined as the time at which the
crystallinity is equal to 50%. It is related to the Avrami parameter K and can
be determined from the following expression:

K=

ln 2
t (0.5) n

(4.3)

Table 4.4 summarizes the Avrami parameters for the soft segments of PU
non-ionomers and ionomers. The parameter K calculated from equation (4.3)
agrees well with that obtained experimentally and is summarized in Table
4.4. It suggests that the Avrami equation analysis is adequate to describe the
crystallization mechanism of PCL-4000-based PU ionomers and nonionomers.32 Usually, the rate of crystallization is mathematically defined as
the inverse of t(0.5). The values of t(0.5) for different samples are listed in
Table 4.4. It illustrates the fact that in PU samples with low Mw values, such
as PU-20 and PU-58, the crystallization rate (1/t(0.5)) is decreased by the
presence of ionic groups. In contrast, in PU samples with high Mw values,
such as PU-71, the presence of ionic groups promotes the crystallization
process. This shows that the role of ionic groups in samples with different
Mw values is different.

4.4

Analysis of crystallization activation energy of
soft segment crystallization in shape memory
polyurethane ionomer

The crystallization process in PCL-4000 or soft segments of PU is assumed
to be thermally activated. The Avrami parameter K can then be described by
the Arrhenius equation:25,30
DE ˆ
K 1/n = k 0 exp Ê –
Ë RTc ¯

(4.4)

(1/ n ) ln K = ln k 0 – DE
RTc

(4.5)

or

Table 4.4 The Avrami parameters n, K, t(0.5) (crystallization half time), and E (activation energy) of the soft segment of PU non-ionomers
and ionomers based on PCL-4000
N

ln K

K

1/Tc

(1/n)ln K

DE
[kJ/mol]

PCL-4000

4000

25
30
34
36
38
40
42

298.15
303.15
307.15
309.15
311.15
313.15
315.15

1.28
2.12
2.46
2.09
2.17
2.42
4.26

1.060
0.037
–1.360
–3.120
–4.240
–6.520
–12.750

2.89E+00
1.04E+00
2.57E–01
4.42E–02
1.44E–02
1.47E–03
2.90E–06

3.35E–03
3.30E–03
3.26E–03
3.23E–03
3.21E–03
3.19E–03
3.17E–03

0.83
0.02
–0.55
–1.49
–1.95
–2.69
–2.99

184.09

PU–20N

20200

15
17
18
20
22
23
25

288.15
290.15
291.15
293.15
295.15
296.15
298.15

3.29
3.01
3.08
2.87
3.75
3.35
2.91

–5.432
–5.535
–5.504
–5.613
–6.766
–7.436
–6.413

4.37E–03
3.95E–03
4.07E–03
3.65E–03
1.15E–03
5.90E–04
1.64E–03

3.47E–03
3.45E–03
3.43E–03
3.41E–03
3.39E–03
3.38E–03
3.35E–03

–1.65
–1.84
–1.79
–1.96
–1.80
–2.22
–2.20

PU–20I

20200

15
18
20
23

288.15
291.15
293.15
296.15

2.18
2.32
2.23
2.42

–4.778
–5.345
–5.563
–6.023

8.41E–03
4.77E–03
3.84E–03
2.42E–03

3.47E–03
3.43E–03
3.41E–03
3.38E–03

PU–58N

58500

15
18
20
22

288.15
291.15
293.15
295.15

3.12
3.09
2.92
3.21

–10.637
–10.480
–10.670
–11.930

2.40E–05
2.80E–05
2.33E–05
6.62E–06

PU–58I

58500

15
18
20
22

288.15
291.15
293.15
295.15

2.00
2.07
2.18
2.13

–8.783
–8.760
–9.510
–10.300

1.53E–04
1.56E–04
7.43E–05
3.36E–05

a

K = ln2/
[t(0.5)]n

ln K

0.355
0.760
1.440
3.470
5.960
11.950
19.400

2.61E+00
1.24E+00
2.83E–01
5.17E–02
1.44E–02
1.71E–03
2.27E–06

0.959
0.215
–1.264
–2.963
–4.240
–6.370
–12.994

36.80

4.650
5.670
5.320
6.120
5.500
8.230
7.900

4.40E–03
3.74E–03
4.06E–03
3.83E–03
1.15E–03
5.90E–04
1.68E–03

–5.427
–5.589
–5.506
–5.566
–6.766
–7.436
–6.387

–2.20
–2.30
–2.49
–2.49

28.53

7.830
8.630
10.500
10.530

7.87E–03
4.63E–03
3.62E–03
2.33E–03

–4.844
–5.376
–5.622
–6.061

3.47E–03
3.43E–03
3.41E–03
3.39E–03

–3.41
–3.40
–3.65
–3.71

34.02

26.683
26.490
33.340
36.110

2.48E–05
2.79E–05
2.48E–05
6.88E–06

–10.603
–10.485
–10.603
–11.887

3.47E–03
3.43E–03
3.41E–03
3.39E–03

–4.39
–4.23
–4.36
–4.83

39.70

67.890
58.420
66.100
104.97

1.51E–04
1.52E–04
7.40E–05
3.42E–05

–8.801
–8.795
–9.512
–10.282

t(0.5)
[min]
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Tc (∞C) Tc (K)
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Table 4.4 cont’d
Tc (∞C) Tc [K]

N

PU–71N

71600

15
18
20
22

288.15
291.15
293.15
295.15

2.16
2.27
2.23
2.03

PU–71I

71600

15
18
20
22

288.15
291.15
293.15
295.15

2.71
2.96
3.48
2.63

a

ln K

DE
[kJ/mol]

a

K

1/Tc

(1/n)ln K

–9.358
–9.516
–9.880
–8.955

8.62E–05
7.36E–05
5.14E–05
1.29E–04

3.47E–03
3.43E–03
3.41E–03
3.39E–03

–4.33
–4.19
–4.43
–4.41

12.90

63.975
57.290
69.900
68.940

8.63E–05
7.12E–05
5.39E–05
1.28E–04

–9.358
–9.550
–9.830
–8.965

–9.334
–10.390
–12.150
–10.028

8.84E–05
3.07E–05
5.29E–06
4.41E–05

3.47E–03
3.43E–03
3.41E–03
3.39E–03

–3.44
–3.52
–3.49
–3.81

31.13

26.020
29.790
30.180
38.270

1.01E–04
3.05E–05
4.91E–06
4.70E–05

–9.197
–10.396
–12.220
–9.966

The crystallization rate parameter K is derived from equation (4.3).

t(0.5)
[min]

K = ln2/
[t(0.5)]n

ln K
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Mw
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where k0 is a temperature-independent pre-exponential factor, R is the gas
constant, and DE is the crystallization activation energy in kJ/mol. The plots
of the parameter (1/n)ln K against the inverse of the corresponding Tc for the
PCL-4000, PU non-ionomer and ionomer samples are shown in Fig. 4.8.
The activation energy is calculated and summarized in Table 4.4. For
PCL-4000, the DE for the primary crystallization process is calculated to be
–183.09 kJ/mol, while for PU non-ionomer (PU-20N) and ionomer (PU-20I)
samples, DE increases significantly to –36.80 and –28.53 kJ/mol, respectively.
Comparison of the activation energy for different samples indicates that the
ionic groups have less influence on the DE in PU samples with low Mw
values. In contrast, for PU samples having high Mw values such as PU 71I,
the DE is decreased from –12.9 to –31.13 kJ/mol after neutralization by TEA
(triethylamine).
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4.8 Plots of (1/n)ln K against 1/Tc from isothermal crystallization.
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Effect of ionic groups on equilibrium melting
temperature

A dominant sharp exothermic peak in the re-heating DSC thermogram of our
samples is considered to be the primary melting temperature (Tm). In Fig.
4.9, it clearly reveals that Tm increases linearly with Tc. The experimental
data can be fitted well by the Hoffman–Weeks equation:33
Tm = FTc + (1 – F)Te

(4.6)

where Te is the equilibrium melting point, and F = 1/g is the stability parameter
depending on the crystal thickness (g is the ratio of the lamellar thickness L
to the lamellar thickness of the critical nucleus L* at Tc). The F in equation
(4.6) can have values between 0 and 1 (F = 0 and Tm = Te, whereas F = 1
and Tm = Tc). The crystals are most stable for F = 0 and unstable for F = 1.
Te can be calculated from the intersection point between plots of Tm against
Tc and lines of Tm = Tc.
As shown in Fig. 4.9, the melting temperature Tm for PCL-4000 and PCL4000-based PU samples increases with the crystallization temperature Tc as
expected. The extrapolation of the observed melting temperatures to the line
Tm = Tc has been widely employed to calculate the Te of different copolymers
and homopolymers. However, in the case of the study on segmented poly
(ester-urethanes) based on poly(e-caprolactone) by Bogdanow et al.,10 linear
polyethylene, and random copolymers at low level of crystallinity by Alamo
et al.,34, 35 this extrapolation method fails to describe the relations between
the Tm and Tc. Bogdanow has used different approaches to understand this
scenario.10 Firstly, the non-isothermal crystallization during cooling to certain
Tc causes the corresponding Tm to increase. Secondly, the observed dependence
also arises from annealing during the heating scan which causes the
improvement in crystal quality and hence the Tm increases, and the effect is
particularly pronounced when Tc is lower. Therefore, in our investigation of
Te of PCL-4000, the equilibrium melting temperature is calculated from the
crystallization temperatures range above 38 ∞C. As a result, Te for PCL-4000
is 65.89 ∞C, which is in agreement with the literature.10,11
It is worth noting that there are double-melting features in all the DSC
thermograms shown in Fig. 4.10. Similar features were also observed on the
30/70 DGEBA/PCL blend, binary blends of solution-chlorinated polyethylenes
(CPE) with PCL, and blends of poly(hydroxyl ether of bisphenol A) (phenoxy)
with PCL.16,18,19 In the investigation on phenoxy/PCL by Defieuw et al.,18
the isothermal crystallization process was interrupted after different time
intervals and the DSC melting trace was immediately recorded. The highest
melting endotherm reaches a constant area and position on the temperature
scale after short isothermal crystallization times (primary crystallization),
while the lower melting peak appears only after much longer crystallization
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4.9 Plots of the observed melting temperature Tm against Tc for PU
ionomers and non-ionomers with different molecular weights.
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4.10 DSC thermograms of sample PU-58N (a) and PU-58I (b) after
isothermal crystallization at (a) Tc = 15 ∞C, (b) Tc = 18 ∞C, (c) Tc =
20 ∞C, and (d) Tc = 22 ∞C.

times (secondary crystallization). The secondary crystallization is supposed
to occur in the amorphous phase segregated during the primary crystallization
of PCL, resulting in a slower crystallization process as this happens in the
presence of a higher phenoxy concentration. Therefore, in calculation of the
equilibrium melting temperature of PCL-4000-based PU ionomers and nonionomers, the higher melting temperature corresponding to the primary
crystallization was used. Table 4.5 summarizes the values of the equilibrium
melting temperature (Te) of all the PU samples. It is interesting to note that
the Te values of the PU samples are lower than that of PCL-4000 and increase
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Table 4.5 Values of the equilibrium melting temperature Te, the stability parameter
F, and the lower and higher apparent melting temperature of PU samples
Tc(∞C)

a

Tm–1(∞C)

b

Te(∞C)

F

51.62
52.21
53.00
53.31
53.25
53.05
56.87
54.50
56.03
56.53

65.89

0.50

Tm–2(∞C)

PCL-4000

25.00
30.00
34.00
36.00
38.00
40.00
42.00
44.00
46.00
47.00

PU-20N

15.00
17.00
18.00
20.00
22.00
23.00
25.00

25.49
28.01
29.19
30.86
32.52
33.68
35.35

47.34
47.83
48.17
47.81
48.63
48.94
49.42

55.07

0.19

PU-20I

15.00
18.00
20.00
23.00

26.15
29.17
30.34
33.00

47.16
48.67
48.31
48.43

52.83

0.14

PU-58N

15.00
18.00
20.00
22.00

29.34
32.34
33.67
36.00

46.34
47.84
47.50
48.50

58.51

0.28

PU-58I

15.00
18.00
20.00
22.00

31.84
34.17
35.00
37.84

48.00
49.00
48.00
49.17

52.36

0.11

PU-71N

15.00
18.00
20.00
22.00

32.00
34.67
36.67
38.84

46.84
47.84
47.84
49.00

59.32

0.28

PU-71I

15.00
18.00
20.00
22.00

31.00
33.17
36.10
38.00

47.50
47.50
48.53
48.84

55.89

0.21

a

Lower peak of melting endotherm.
Higher peak of melting endotherm.

b

with increasing molecular weight of the PU samples. After neutralization,
the Te values of the PU ionomers are decreased. The stability parameter F
varies from 0.28 to 0.11 in PU samples, suggesting that the formation of
crystals in PU samples is quite stable. The F values of PU ionomers samples
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are significantly smaller than the corresponding PU non-ionomers, providing
clear evidence that the ionic groups in hard segments improve the stability of
the crystallization in the soft segment. Last, the F value of PCL-4000 is larger
than that in all the PU ionomers and non-ionomers, which might be attributed
to the relative larger critical lamellar thickness L* value of PCL-4000.

4.6

Dynamic mechanical property of shape memory
polyurethane ionomer

Figures 4.11 and 4.12 show the tensile storage modulus E¢ from the dynamic
mechanical analysis on the two SMPU ionomer series. The result suggests
that there is a major difference in the storage modulus in the temperature
range from 45 to 50 ∞C within which a sharp transition is rendered to the
SMPU non-ionomers and ionomers. This transition is attributed to the melting
of soft segments. Below the melting point of soft segments (Tsm), the crystalline
state of the soft domain ensures a high modulus of the film. However, when
the temperature is above Tsm, the entropic elasticity of the molecular chain
and physical cross-linking among hard segments contribute to the rubbery
state modulus. In the non-ionomer series, the storage modulus E¢ decreases
abruptly with increasing DMPA content when the temperature is above Tsm.
For sample 60-13N, its E¢ at the rubbery state decreases significantly, resulting
in the excessive extension of samples in the dynamic tensile process, and
making it difficult to detect the E¢ when temperature is above Tsm. This may
be attributed to disruption of the order of the hard domain by the presence of
asymmetrical extender. A different scenario is observed in the ionomer series
when the temperature is above Tsm: E¢ decreases initially but increases
subsequently when the DMPA content is increased above 5 wt%, suggesting
that the charged ionic groups may enhance the cohesion between the hard
segments compared with the corresponding PU non-ionomer. These results
indicate that ionization within the hard segment can lead to increased cohesion
between the hard segments with Coulombic force.
In Fig. 4.13 the increased cohesion between the hard segments could be
observed clearly in the comparison between the E¢ of SMPU ionomer and
non-ionomer. This provides evidence that the existence of a dual effect of
charged ionic groups on the hard domain reported by other researchers9,36
could be verified.
The glass transition temperature (Tgs) of the soft segments could be
determined from the maxima of the loss modulus E≤ as shown in Fig. 4.14.
The measured values are listed in Table 4.6. Tgs values of the two PU series
exhibit a similar trend: it increases with increasing DMPA content, suggesting
that ionic groups (regardless of whether they are neutralized or not) could
disrupt the order of the hard domain, causing more hard segments to dissolve
into the soft segment matrix. In general, Tgs values of PU ionomers are lower
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4.11 Plots of storage modulus E ¢ in PU non-ionomers and the
corresponding ionomers.

than those of the corresponding PU non-ionomers. The location of Tgs can be
used as an indicator of phase purity in multi-block PUs. If the copolymer is
assumed to behave like a blend of homopolymers, the Tg value of the blend
can then be compared to each of the individual components for determining
the degree of hard/soft segment mixing.14,37 A decrease in the Tgs values in
PU ionomers suggests that there are fewer hard segments mixed in the soft
segment phase in PU ionomers than in that of non-ionomers. The charged
ionic groups in the hard segments could improve the micro-phase separation
through the enhancement of cohesion between them.
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4.12 Comparison between storage modulus E¢ in PU non-ionomer
with that of ionomer series with various DMPA contents at 60 ∞C.

Figure 4.15 shows the storage modulus (E¢) from dynamic mechanical
analysis of NMDA and BIN series SMPU ionomer. The result suggests that
the storage modulus in the temperature range from 40 to 50 ∞C causes a sharp
transition in the SMPU cationomers, which is attributed to the melting of the
soft segments. For these two series, E¢ at a temperature above Tms decreases
with increasing ionic group content when an asymmetric extender is added
to the hard segment, which presumably disrupts its ordered structure. A
different trend is observed in the BIN series when the temperature increases
above Tms: the E¢ decreases initially but increases subsequently when the
BIN content is increased above 8 wt%, suggesting that the charged ionic
groups may enhance the cohesion among hard segments, which also could
be observed from a comparison of E¢ between SMPU cationomers and
corresponding non-cationomers shown in Fig. 4.16. Besides, the disruption
effect of ionic groups on the order of hard domains could be manifested by
the decrease of a rubbery region extension with increasing ionic group content,
as usually the short rubbery region is due to insufficient reinforcing effects
from the hard segments. The SMPU cationomers all have longer rubbery
plateaux than those of the corresponding non-cationomers, as shown in
Fig. 4.16, illustrating the existence of Coulombic force among cationic
groups.
The glass transition temperature (Tgs) of soft segments could be determined
from the maxima of the loss modulus E≤ as shown in Fig. 4.17. The measured
values are listed in Tables 4.7–4.8. The Tgs values of the two PU series
exhibit different trends: for NMDA series, incorporation of more ionic groups
into the hard segment causes an increase of Tgs, whereas, for the BIN series,
Tgs slightly decreases with increasing ionic group content. As previously
reported14,37 the location of glass transition temperature (Tg) can be used as
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4.13 Comparison between storage modulus E ¢ in PU non-ionomers
with that of the corresponding ionomers.
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Table 4.6 Measured Tg values of soft segments
from dynamic mechanical curves
Sample no.

Tg (∞C)

60–0
60–2N
60–5N
60–10N
60–13N

–75.0
–52.0
–35.5
10.0
18.0

60–0
60–2I
60–5I
60–10I
60–13I

–75.0
–60.0
–58.0
–25.5
2.4

an indicator of phase purity in multi-block PUs. Therefore, a decrease in the
Tgs values in BIN series suggests that there are fewer hard segments mixed
in the soft segment phase; instead, in the NMDA series, an increase in the
Tgs values indicates more micro-phase mixing with the presence of ionic
groups into the hard segment. This could be one of the reasons for having
a higher crystallinity in the BIN series of SMPU cationomer than in the
NMDA series.

4.7

Infrared absorption analysis

Infrared absorption has been widely used to investigate the micro-phase
separation of segmented PU or urea by monitoring the difference in absorption
energy of the carbonyl groups.38,39 A hydrogen-bonded carbonyl group is
characterized by its lower vibrational energy than that of the free carbonyl
group. Xu and co-workers reported the IR spectra on PU films synthesized
by PCL, MDI, and BDO, featured two absorption peaks at 1730 and
1701 cm–1 which were attributed to free and hydrogen-bonded carbonyl
groups of hard segments, respectively. Another two carbonyl vibrational
modes for the soft segment are assigned as 1735 and 1706 cm–1, respectively.
Wen et al.41 reported that the band located at 1665 cm–1 was due to the
stretching of hydrogen-bonded carboxylic carbonyl group in PU, originating
from the DMPA unit. In general, analysis of carbonyl vibrations covers the
energy range ~1650–1740 cm–1 in IR spectrum.
As shown in Fig. 4.18, it is observed that the carbonyl stretching vibration
is shifted to a higher frequency with increasing DMPA content in the two PU
series. Three possibilities are proposed to explain this scenario. Increasing
DMPA promotes: (i) the formation of free carbonyl groups; (ii) the reduction
of ordered structure of hard domain; and (iii) the reduction of MDI content
relative to that of PCL as shown in Table 4.9.
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4.14 Plots of loss modulus E ≤ in PU non-ionomers and the
corresponding ionomers.

According to the DMA analysis of PU samples by DMA, it is suggested
that addition of DMPA can promote the phase mixing in PU, leading to the
reduction of free carbonyl group in the soft phase. The immediate conclusion
is that either there is more disordered structure or there are more free carbonyl
groups produced in the hard phase, surpassing the effect of reduction of
some free carbonyl group in the soft phase, and leading to the high-frequency
shift of the carbonyl vibration. It is demonstrated that the disruption of
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4.15 Storage modulus (E ¢) of NMDA and BIN series SMPU
cationomer (PU non-ionomer was synthesized and the corresponding
PU cationomer was obtained by quaternizing amine groups of NMDA
or BIN with stoichiometric acetic acid (HAc). The content of extender
with ionic moiety was gradually increased from the minimum to the
maximum allowable value. The sample code is designated to NMDA
XX-X or BIN XX-X; where the first two numbers means the soft
segment content and the last number represents the ionic group
content).

ordered hard domain caused by DMPA might be predominant with the
introduction of an asymmetrical extender (either neutralized or not). The
reduction of the MDI content compared with PCL with increasing DMPA
should also be considered.
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4.16 Comparison of E ¢ between SMPU cationomer and the
corresponding non-cationomer.

143

144

Shape memory polymers and textiles
Table 4.7 Tgs of NMDA series SMPU ionomer
Sample no.

Tgs (∞C)

75–0
NMDA75–2
NMDA75–4
NMDA75–8

–61.27
–58.81
–56.32
–51.66

Table 4.8 Tgs of BIN series SUMPU ionomer
Sample no.

Tgs(∞C)

75–0
BIN75–4
BIN75–6
BIN75–8
BIN75–11

–61.27
–62.05
–63.04
–62.57
–66.66

Monitoring the vibration energies of the bonded and free carbonyl groups
in the IR spectra of PU non-ionomer and ionomer provides a way of
to observing the effect of ionic groups on the phase separation in PU. The
next step is to compare the IR spectra for PU non-ionomers and ionomers
with the same MDI and DMPA content. As shown in Fig. 4.19, there is no
significant difference in the IR spectra of PU non-ionomers and ionomers
when DMPA content is as low as 2 wt%. Increasing the DMPA content in
ionomer to about 5 wt%, reduces the relative intensity ratio between the
peaks at 1699 and 1722 cm–1 compared with that of the corresponding nonionomer. The effect is more pronounced for a sample with 10 wt% DMPA,
suggesting that the charged ionic group causes some of the free carbonyl
species or disordered hard domains to increase after neutralization. DMA
analysis in Fig. 4.11 also indicates that the Tgs values of the soft phase with
5 and 10 wt% DMPA content are lowered significantly after neutralization.
From the above analysis, it can be concluded that the presence of charged
ionic groups promote the dissolved hard segments in the soft domain to
return to the hard domain, which may mean that the increase in the amount
of hydrogen bonding between hard segments, which usually shifts the freecarbonyl group vibrations to a lower wavenumber in IR spectrum, may not
occur. The bonding characteristics of hard segments may not only be partly
hydrogen bonded in nature, but there may be Coulombic forces among the
charged ionic groups as well in the PU ionomer. It will be shown in other
sections that the Coulombic force is expected to have the dominant effect on
the shape memory behavior in PU ionomers.
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4.17 Loss modulus (E¢’) of NMDA and BIN series SMPU cationomer.

4.8

Shape memory effect of shape memory
polyurethane ionomer

In the center’s study, the shape memory effect of SMPU ionomer was
studied with cyclic, thermo-mechanical investigation, which was divided
into two separate programming processes: cyclic tensile test and strain recovery
test. All the methods used for the thermo-mechanical investigation have
been mentioned and the detailed parameter definitions such as shape recovery
ratio (Rr) or shape fixity ratio (Rf) used to characterize the SME are defined
in the literature.1–3

146

Shape memory polymers and textiles
1530

1698

1723

Transmittance (%)

1595

60-0
60-2 I
60-5 I
60-8 I
60-10 I
60-13 I
1600

1700
Wavenumber (cm–1)

1530

1800

1698 1723

Transmittance (%)

1595

60-0
60-2 N
60-5 N
60-8 N
60-10 N
60-13 N
1600

60-0
60-8

1700
Wavenumber (cm–1)
60-2
60-10

1800

60-5
60-13

4.18 IR spectra of PU non-ionomer and ionomer series.

Shape memory effect produced by the ionic groups on hard segments in
PU films can be studied with the cyclic tensile test Fig. 4.20 with emphasis
on the cyclic hardening caused by the orientation of PU segments during
extension. The stress–strain relationship of a PU film becomes stable after
several cycles, with no significant variation with further cycles.2 Figure 4.20
shows the stress at 100% elongation on the second tensile cycle on the PU
non-ionomers and ionomers.
Both DMA and FTIR analyses suggest that incorporation of an asymmetrical
extender during synthesis disrupts the ordered hydrogen-bonded hard domain.
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Table 4.9 Formulae used for synthesizing polyurethane
Sample
code

PCL
(wt%)

DMPA
(wt%)

Moles of
PCL

Moles of
DMPA

Moles of
BDO

Moles of
MDI

Moles of
TEA

60–2I
60–5I
60–8I
60–10I
60–13I
60–2N
60–5N
60–8N
60–10N
60–13N

60
60
60
60
60
60
60
60
60
60

2
5
8
10
13
2
5
8
10
12.7

1
1
1
1
1
1
1
1
1
1

1
2.5
4
5
6.3
1
2.5
4
5
6.3

6
4.3
2.6
1.5
0
6
4.3
2.6
1.5
0

8
7.8
7.6
7.5
7.3
8
7.8
7.6
7.5
7.3

1
2.5
4
5
6.3
0
0
0
0
0

This hard domain is usually considered as having a physical cross-linking
structure in the two phase morphology, contributing to the overall thermal
stimulated deformation recovery process.2, 6, 8, 42, 43 However, in PU ionomers
samples 60-5I and 60-10I, the amount of ordered hydrogen-bonded hard
segment observed by FTIR decreases compared with that of the corresponding
non-ionomers; the high rubbery state modulus still can be retained. This
modulus is supposed to facilitate the deformation recovery, and the improved
micro-phase separation is expected to benefit the fixity of the temporary
shape.
From Fig. 4.20 and 4.21 it is observed that the stress at 100% elongation
of PU non-ionomer series at elevated temperature (60 ∞C) decreases sharply
with increasing DMPA content. However, the stresses on the PU ionomer
series are relatively steady. The result is consistent with our previous analysis
by FTIR: the introduction of DMPA could disrupt the ordered hard domains
that provide the necessary physical cross-links in the fixed phase. The charged
ionic groups can enhance the cohesion between the hard segments and the
Coulombic force is responsible for connecting the hard segments (rather
than only promoting micro-phase separation).
Increasing the charged ionic groups in ionomer series makes the total
strain recovery ratio, Rr.tot, decrease from 83.41% (sample 60-2I: 2 wt%
DMPA content at the first cycle test) to 61.59% (sample 60-13I: 13 wt%
DMPA content at the first cycle test) in the first cycle test. However, the
strain recovery ratio, Rr(N), representing the recoverability of the successively
passed cycles can be retained to above 97% for all samples. The fixity ratios
of PU ionomers have no significant changes. In PU non-ionomers, the cyclic
tensile test result provides less information on the film properties because
the sample is too soft and the shape memory effect is hard to characterized
when the DMPA content is above 10 wt%. In general, the orientation process
in the first tensile cycle test reduces the disordered structure of the hard
segments. The PU non-ionomers have fewer physical cross-linkage points to
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4.19 Comparison between IR spectra of PU non-ionomers with that of
ionomers.
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4.20 Comparison between stresses at 100% elongation on PU
non-ionomers in the second tensile cycle with that of ionomers.

withstand the tensile force in the rest of tensile cycles accordingly. However,
in PU ionomers, the Coulombic forces among the hard segments are responsible
for the physical cross-linking, and thus for the recovery of temporary
deformation. Therefore, in practical applications, a pre-processing operation
may be necessary for producing SMPU ionomers with optimal recovery
ability.
Specimens for the strain recovery test were prepared similar to that for
cyclic tensile test at which the films were initially elongated 100% while
held at 60 ∞C. They were then cooled to 20 ∞C and kept with the same elongation
for 900 seconds in order to fix the deformation. Then the stretched specimen
was released from the elongated state without any constraints for a longer
time to reach a steady state at room temperature.
Strain recovery data are plotted in Fig. 4.22. It can be observed that the
switching temperature increases significantly with increasing DMPA content
for both PU non-ionomers and ionomers. As shown in Fig. 4.23 the recovery
ratio decreases sharply for non-ionomers but is slightly lowered for ionomers.
In PU ionomers with high ionic group content, the hysteresis effect could be
observed. After being heated to the switching temperature, samples 60-10I
and 60-13I can still undergo strain recovery to some extent until the highest
temperature is reached. It is proposed that this hysteresis effect is due to
disruption of the disordered hard domain. In contrast, sample 60-13N has an
inapplicable recovery ability due to the pendant carboxyl group in the chain
extender without neutralization. The recovery ratio for sample 60-13N is
18%. It can be observed that the hysteresis effect led to the difference in
recovery ability measured with cyclic tensile test and strain recovery test,
respectively. In the former cyclic tensile test, a high ionic group content
gives rise to a reduction in recovery ratio. However, the recovery ratios of
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4.21 Cyclic tensile test results on PU non-ionomers and ionomers.

PU ionomers are relative high in the latter strain recovery measurement
owing to the hysteresis effect of the ionic system.
To illustrate the importance of cationic groups within the shape memory
property in segmented PU cationomers, the comparison of the shape memory
effect between the NMDA series and the BIN series was made. As shown in
Figs 4.24 and 4.25, the shape memory effect of PU films with ionic groups
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4.22 Strain recovery test data on PU non-ionomers and ionomers.

on hard segments can be studied with the cyclic tensile test. The stress–strain
relationship of the PU film becomes stable after the first several cycles and
there is no significant variation in further cycles.2,20
DMA analyses suggest that the incorporation of an asymmetrical ionic
extender during synthesis disrupts the order of the hard domains, which is
usually considered as having a physical cross-linking structure in the two-
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4.23 Strain recovery ratios of PU non-ionomers and ionomers.

phase morphology, contributing to the overall thermal stimulated deformation
recovery process.2,6,8,42,43 Meanwhile, it could be assumed that the introduction
of an ionic extender reduces the interconnectivity between the hard domain
and the crystalline soft segment, which potentially enhances the crystallinity
of the soft segment. Moreover, the Coulombic force among the ionic groups
might partly compensate the loss of physical cross-linking points among the
hard segments. Based on the analysis by DMA and DSC for the two series
of SMPU cationomers, the effect of cationic group content on the shape
memory property in segmented Polyurethane cationomer is clearly illustrated.
Figures 4.24 and 4.25 demonstrate the cyclic stress–stain behavior of the
NMDA and BIN series. The characteristics of shape memory properties on
segmented polyurethane reported by other researchers2,23 such as strain
hardening, and insensitivity of cyclic property with cycle number were observed
in the center’s study. It is evidence that the ionic group content has a large
influence on the stress at 100% elongation for all samples. In the NMDA
series, the sample’s ability to respond to temporary deformation can be
improved effectively with incorporation of ionic groups.
According to the feature of the cyclic thermal tensile test on shape memory
polymer, stress–strain relations can be observed in the first several cycles.
The shape memory effect of the samples was studied by examining the
second cycle and the parameters such as stress at 100% elongation, recovery
ratio (Rr), and fixity ratio (Rf) were selected to compare the shape memory
properties between the NMDA and BIN series and among samples with
various ionic group content. Figure 4.26 shows the effect of variation of
ionic group content on stress at 100% elongation in the second tensile cycle.
It is observed that the stress in BIN series was decreased with BIN content
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4.24 Cyclic tensile behavior of NMDA series SMPU cationomer. PU non-ionomer was synthesized and the corresponding
PU cationomer was obtained by quaternizing amine groups of NMDA or BIN with stoichiometric acetic acid (HAc). The
content of extender with ionic moiety was gradually increased from the minimum to the maximum allowable value. The
sample code is designated to NMDA XX-X or BIN XX-X, where the first two numbers represent the soft segment content
and the last number represents the ionic group content.
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4.25 Cyclic tensile behavior of BIN series SMPU cationomer.
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4.26 Stress at 100% elongation in the second tensile cycle of NMDA
and BIN series.

initially, and gradually increased subsequently, which is consistent with the
variation of E¢ at temperatures above Tms in DMA analysis. For the NMDA
series, the stress values decrease with increasing NMDA content. In general,
the stress in the NMDA family is lower than that of the BIN family, suggesting
the presence of neutralized NMDA in the hard segment offers more adverse
effect to the order of hard domains in comparison with that of BIN. Therefore,
the BIN series SMPU cationomer can withstand more tensile force in the
deforming process, whereas in the NMDA series, samples are readily deformed.
Figure 4.27 shows the dependency of fixity ratio and recovery ratio on the
NMDA and BIN contents in SMPU cationomer in the second tensile testing
cycle. Increasing NMDA content from 0% to the maximum allowable value
causes the fixity ratio to increase from 93.87% to 100%, meanwhile facilitating
the recovery ability slightly due to the enhancement of soft segment
crystallizability. On the other hand, for the BIN series, the fixity ratio was
not affected significantly by the BIN content, although the presence of
neutralized BIN can give rise to a higher crystallinity of soft segment (as
shown in Table 4.2). The recovery ratio in the BIN family was initially
increased from 88.43% to 91.76% and subsequently decreased to 88.43%.
The variation in the recovery ratio in this series is not as significant as that
in the NMDA series.
Comparison between the experimental data from the NMDA and BIN
samples suggests that the categories of ionic groups have a huge influence
on the thermal-mechanical properties of the SMPU cationomer. In the BIN
series, the cationic groups are formed from the quaternization of pyridine
ring in BIN44 regardless of the presence of the amine group in the polymer
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4.27 Fixity ratio and recovery ratio in the second tensile cycle of
NMDA and BIN series.

backbone. However, in the NMDA series, the cationic groups are located in
the backbone,9 and the cationic pendant groups in the chain extender have a
smaller effect on the hard domain than the moiety in the backbone. The latter
could disrupt the order of the hard domains more effectively and strongly
reduce the elastic modulus of the sample at high temperature; however, it is
beneficial for the formation of temporary deformation to some extent. Coming
back to the BIN series, in addition to the physical cross-linking points, the
cohesion force induced by the cationic pendant groups is strong enough to
withstand the large load in the cyclic test. Therefore, the fixity ratio is not
improved significantly, but even the crystallinity of soft segment is enhanced.
In SMPs, the crystallization of the soft segment is responsible for memorizing
the temporary deformation; cross-linking among the hard segments has a
deep influence on the fixity ability.
The studies demonstrate that the categories of cationic group and content
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of ionic groups within the hard segment have a big influence on the shape
memory effect in SMPU ionomer. They offer a simple methodology for the
design of novel SMPU with a specific tailored shape memory function.
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5
Water vapor permeability of shape
memory polyurethane

This chapter provides a quantitative description of the essential water vapor
transport properties in SMPU films, presenting results for SMPU films with
various factors. Understanding the water vapor transport properties in SMPU
is essential for a complete picture of the three simultaneous properties –
waterproofing, windproofing, and breathability – used in fabric applications,
and hence for the continuous development of smart textiles. The most critical
factors have been selected, including (1) the chemical nature of the soft
segment, (2) the crystallinity of the soft segment, (3) the hard segment, (4)
the hydrophilic segment block length, (5) the hydrophilic segment content,
(6) the hydrophilic and/or carboxylic unit, (7) the mixed polyol block, and
(8) the multi-walled carbon nano-tube in the SMPU film. How they affect
the water vapor transport properties in SMPU membranes is examined. Finally,
positron annihilation lifetime spectra are used to measure the free volume of
holes in selected SMPUs, and their water vapor permeabilities are correlated
with the free volume data.

5.1

Factors affecting water vapor permeability of
SMPU

In Section 2.1.5, it was discussed how, in general, there are two ways to
trigger temperature-sensitive polyurethane (TS-PU). One way is to set the
glass transition temperature, Tg, resulting in a significant change in water
vapor permeability (WVP) of the membrane (Approach A). Another way is
to set the crystal melting temperature of soft segment (Tms) so the shape
change in free volume could lead to a significant change in WVP of the
membrane (Approach B).
Jeong et al. 1 used this approach to prepare temperature-sensitive
polyurethaneurea (PUU), and Tms of this PUU is about 50 ∞C. The transition
temperature is too high to be useful to the textile industry. The high transition
temperature also restricts the application of the material to a lot of fields,
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such as medicine, packaging, and so on. Therefore, in order to enable the
significant change in water vapor permeability to take place in the ambient
temperature range, that is, from 10 to 40 ∞C, the crystal melting point of soft
segment will be re-designed in this study from the Shape Memory Textile
Center.

5.1.1

Effect of the chemical nature of the soft
segment on WVP

Water vapor permeability (g/Pa hm) ¥ 10–7

From the literature, it has been demonstrated that most gases can pass through
the soft segment-containing region in a PU membrane.2–6 In order to investigate
the influence of chemical nature of the soft segment on water vapor transport
properties, PU membranes with varied polyols were synthesized in this study.
The composition of the TS-PU is polyol X /HDI/PEG-200/MDI/BDO, while
X varies among PBA-2000, PCL-2000, PHA-2500, PEA-2200, and PTMG2000. All the polyols used in the PU series display a strong hydrophobic
character.7 Among them, PBA, PCL, PHA, and PEA belong to polyester
polyols, while PTMG is a polyether polyol. Measurement on these PU samples
indicated that they have very low water sorption contents (G). Moreover,
there is no significant change in the water sorption contents in the measured
temperature ranges from 10 to 40 ∞C (see Fig. 5.1). As expected in the polyesterbased PU (PES-PU) membranes, the measured water vapor transmission
(WVT) rate and WVP are very low when the temperature is 10 ∞C, while in
the polyether-based PU (PET-PU) membranes (see Fig. 5.1), higher WVT
rate and WVP are observed. A dramatic increase in WVT rate and WVP can
8
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5.1 Influence of different polyols on water vapor permeability of PUs.
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be observed in PES-PU membranes when the temperature is increased, whereas
the WVT rate in PET-PU membrane obeys a sigmoid-type trend and WVP in
PET-PU decreases approximately linearly with increasing temperature.
Because the hard segment content and hydrophilic PEG-200 content of
these PU membranes are similar, the differences in water vapor transport
properties between PES-PU and PET-PU membranes depend upon the chemical
structure of polyols and the interaction between the hard segment and polyols.
It is well known that some physical and chemical properties of polyol such
as symmetry of the molecular chain, molecular weight, CH2/O ratio, and
hydrogen bonding can affect the morphology of the copolymer, through the
miscibility and the degree of aggregation of soft and hard segment, which in
turn can influence the water vapor transport properties. For example, high
incompatibility and aggregation of PES-PU membranes can result in low
water vapor permeability.

5.1.2

Effect of crystallinity of the soft segment on water
vapor transport properties

Relationships between the degree of crystallinity (w) of the soft segment
obtained from X-ray diffraction and the water vapor transport properties at
20 ∞C are summarized in Table 5.1 and plotted in Figs. 5.2–5.4, respectively
(the reader is referred to Section 2.2.2 and Table 3.2 for the naming of the
samples used in the study). It is observed that, increasing crystallinity leads
to the decrease in both the water sorption content (G) and WVT rate, but
increase in the WVP through the film. It is suggested from the data that the
degree of crystallinity is the dominating factor affecting the water vapor
transport properties.

Table 5.1 Crystallinity and water vapor transport properties of PU membranes
w

PU
samples

PBA-15-PU
PCL-15-PU
PHA-15-PU
PEA-15-PU
PTMG-15-PU
PBA-20-PU
PBA-10-PU

G
(wt%)

WVT
(g/h m2)

WVP
(g/Pa h.m) ¥ 10–7

X-ray
(%)

DSC
(J/g)

20 ∞C

40 ∞C

20 ∞C

40 ∞C

20 ∞C

40 ∞C

24.8
19.7
25.8
8.6
–
16.8
27.6

26.81
26.46
35.82
N/A
1.48
8.28
39.19

1.05
0.74
0.77
1.13
1.39
1.28
0.02

1.25
1.00
0.57
1.67
1.34
1.51
0.18

2.42
2.37
2.10
3.28
13.04
2.41
2.52

14.36
14.84
13.11
20.18
34.16
14.57
14.68

1.58
1.51
1.26
1.3
7.07
1.56
2.17

2.99
3.00
1.79
2.54
5.89
2.99
4.02
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5.2 Relationship between w and G of PES-PU at 20 ∞C.
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5.3 Relationship between w and WVT rate of PES-PU membranes at
20 ∞C.

5.1.3

Effect of hard segment on water vapor transport
properties of SMPU

The WVT data for samples S1–S25 are summarized in Table 5.2. The effect
of the hard segment on the permeability through the membranes is shown in
Fig. 5.5. From the WVT data, the mass transfer in the polyurethane samples
(S1–S4) that increases with decreasing HSC results from increasing the
flexibility in the polymer chains. The decrease in mass transfer with increasing
hard segment domain is due to the reduction in soft segment mobility and
thus increases the phase mixing between the two segments.8,9 The increase
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Water vapor permeability
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5.4 Relationship between w and WVP of PES-PU membranes at 20 ∞C.
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5.5 Water vapor transmission of SMPU samples (S1–S5).

in HSC produces a greater inter-segment mixing, which, in turn, increases
the membrane density. A higher inter-segment mixing and membrane density
will always result in a lower WVT. The incorporation of hydrophilic component
onto the polymer backbone can increase the WVT. There are two underlying
reasons: first the PEG can enhance the flexibility of the polymer chains and
thus the free volume is increased, accordingly the water molecules can easily
pass through the membrane, and second, incorporation of the PEG component
increases the overall hydrophilicity of the polymer which can also enhance
the WVT.
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Table 5.2 Water vapor transmission (g/m2/day) data of SMPUs
12 ∞C

Sample

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25

18 ∞C

25 ∞C

35 ∞C

45 ∞C

WVT

CV%

WVT

CV%

WVT

CV%

WVT

CV%

WVT

CV%

38
47
55
60
33
170
276
280
96
165
290
324
115
156
30
66
45
215
124
367
115
296
285
285
266

7.0
5.3
5.5
2.7
4.5
3.2
1.9
2.7
3.8
2.6
3.6
1.6
2.3
1.9
2.7
1.3
2.8
3.7
2.1
1.1
4.7
2.1
1.6
1.1
2.8

45
94
112
120
54
210
359
365
124
351
390
457
258
191
45
119
113
290
310
465
155
408
404
365
349

5.6
4.1
3.4
5.8
3.7
2.1
1.4
1.2
5.3
3.2
1.9
3.8
1.4
0.9
1.7
2.6
1.5
0.7
1.1
1.5
4.5
2.3
1.8
2.5
0.9

57
120
180
200
90
310
460
520
210
408
545
605
398
285
68
147
163
420
488
615
272
552
547
530
528

4.4
3.2
2.5
5.2
2.5
1.3
1.1
1.9
3.2
2.9
2.1
1.1
2.3
3.7
2.5
1.2
1.8
3.9
1.2
2.5
0.8
2.3
1.5
2.7
0.5

130
220
340
350
143
410
660
750
310
582
806
885
485
450
106
228
291
511
605
900
337
846
820
795
781

3.9
2.6
2.2
2.2
1.7
2.1
1.2
2.3
2.6
3.5
1.1
2.3
2.8
3.2
2.7
1.5
0.8
2.5
1.2
2.5
1.8
0.9
2.1
1.7
2.8

350
400
520
564
450
680
1080
1220
480
985
1270
1399
590
625
149
325
385
850
955
1450
405
1285
1277
1265
1258

2.5
2.1
1.8
0.9
2.6
1.5
1.2
1.1
2.7
1.6
0.8
1.5
1.1
2.1
0.8
1.6
1.9
0.6
1.8
2.3
2.8
1.1
0.9
2.2
1.5

WVT – water vapor transmission, CV% – coefficient of variation percentage of
measurements.

From the principle of mass transfer through a non-porous membrane, it
involves three steps to complete the process: sorption, diffusions, and
desorption. The water vapor at the high-pressure side of the membrane dissolves
into it, and then diffuses under a concentration gradient to the low pressure
side of the membrane where the vapor desorbs. The PEG molecules help to
absorb more water molecules. The data in Table 5.2 indicate that there is
significant change of the WVT at 45 ∞C for different samples. It is because
crystal melting occurs at this temperature which provides more paths for the
water molecules to pass through the membrane. This phenomenon is illustrated
in Fig. 5.6; the WVT follows the same feature with increasing percentage of
crystallinity due to the increasing PCL content in the SMPUs. The mobility
of the PCL segments is enhanced by the soft segment crystal melting process;
the mobility of the closely linked PEG-200 segments is also increased, allowing
the water vapor molecules to pass through the membrane easily.10–13
The plot of ln (WVT) against temperature of the sample S4 and the
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Water vapor transmission (g/m2/24 h)
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5.6 Effect of polyol content on WVT at 45 ∞C.
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5.7 Arrhenius plot for WVT of sample S4.

remarkably good fit of the Arrhenius plot are shown in Fig. 5.7. It is evident
from Fig. 5.7 that the slope of the linear plot increases with increasing
temperature, indicating that the permeability process is temperature dependent.
This follows the Arrhenius relationships for permeation as:
P = P0 exp – E p / RT

(5.1)

where, Ep is the activation energy required to create openings between the
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polymer chains for the small molecules to penetrate, and is a function of
inter- and intra-chain forces.14–17 The activation energy can be considered as
the energy to loosen the polymer structure which is related to the change in
thermal expansivity. An increase in temperature provides the kinetic energy
for increasing the segmental mobility, and this in turn increases the diffusion
rate of the penetrant.

5.1.4

Effect of hydrophilic segment block length on
water vapor transport properties of SMPU

The influence of hydrophilic block length on the WVT of SMPU samples
follows a similar trend (Fig. 5.8) to that of the equilibrium sorption results.
The permeability of small molecules through the non-porous polymer
membrane is enhanced when their solubility and diffusivity in polymer
increases.4 From the DMTA data the glass transition temperatures (Tg) of all
the polymer samples studied are well below the experimental temperature,
therefore the fractional free volume (FFV) will increase with temperature
according to equation (5.2) which provides more paths for the water molecules
to pass through the membrane:
FFV = fg + (a1 – a2)(T – Tg)

(5.2)

Water vapor transmission (g/m2/day)

where a1 and a2 are thermal expansion coefficients in the rubbery and glassy
states, respectively, fg denotes the fractional free volume at Tg which is a
constant (0.025) and T is the experimental temperature. Increasing the free
volume in the polymer, and the micro-Brownian motion of the soft segment,
can increase the intermolecular gap, allowing more water vapor molecules to
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5.8 Temperature dependence of WVT of SMPU samples (S6–S9).
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pass through the membrane.17,18 When the block length of the PEG component
in the polymer is increased, the WVT value also increases owing to the
increased flexibility of the polymer chains and increased hydrophilicity. This,
in turn, increases the interaction between water molecules and polymer chain
segments. However, longer polymer chains of PEG originate larger polymer
network holes that will also enhance the water vapor permeability.
The log (WVT) versus temperature plot of sample S8 is shown in Fig. 5.9.
It shows the perfect fit of the Arrhenius relationship. It is evident from Fig.
5.9, that the slope of the linear curves increases with an increase in temperature,
which indicates that the permeability process is temperature dependent.

5.1.5

Effect of hydrophilic segment content on water
vapor transport properties of SMPU

Table 5.2 and Figs. 5.10 and 5.11 shows the effect of hydrophilic segment
content on the WVT of SMPUs. The DMTA results indicate that the Tg
values of all the samples are well below the experimental temperature. Above
Tg, the soft segments occupy a larger volume, resulting from an expansion in
non-physical void. This allows water vapor molecules to pass through the
polymer films easily. The WVT value of SMPU is also a function of the
hydrophilic group content at a fixed temperature (Fig. 5.12).
The permeability can further be enhanced at the crystal melting temperature
of the soft segment. High molecular weight hydrophilic segments (PEG3400) enhance the permeability owing to increased hydrophilicity and thus
the interactions between water vapor molecules and polymer chains are
increased. Longer polymer chains of PEG results in the polymer having
3.2
3.1

Log (WVT)
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5.9 Arrhenius plot for WVT of sample S8.
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5.10 Plot of WVT against temperature in SMPU samples (S10– S13).
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5.11 Influence of PEG content on the WVT at 35 ∞C.

larger holes, and their chain flexibility may be an additional reason for
increasing the WVT with increasing PEG-3400 content in the polymer
membranes.10 The crystal melting point temperature of sample S12 (15 wt%
PEG-3400 content) shifts to the higher temperature regime. The WVT is
below the soft segment crystal melting temperature but is still higher than
that of the other samples, which may due to the increase of PEG-3400
content and results in increasing hydrophilicity. There is an abrupt change of
the WVT between 35 to 45 ∞C due to the crystal melting of soft segment in
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5.12 Thickness dependence of WVT in S13.
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5.13 WVT of SMPU samples (S14–S17).

sample S12. In contrast, WVT data vary inversely proportional to the thickness
of the non-porous membrane (shown in Fig. 5.13).

5.1.6

Effect of hydrophilic and/or carboxylic unit content
on water vapor transport properties of SMPU

Influence of the hydrophilic and/or carboxylic unit content on the WVT of
the SMPU samples is shown in Fig. 5.14. The WVT data display a similar

Water vapor transmission (g/m2/day)
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5.14 Plots of WVT against temperature for SMPUs (S18–S21).

trend to that of the equilibrium sorption. From the DMTA results, the Tg
values for all samples (except S15) are well below the experimental temperature,
and therefore all the SMPUs are in the rubbery state, having a larger free
volume and an enhanced permeability. However, the presence of PEG-3400
or a DMPA unit significantly enhances or hinders the permeability, because
of the increased or decreased mobility of the soft segment, respectively.
There is an abrupt change of permeability in the SMPU with PEG-3400 that
may be due to three reasons: (i) the presence of the PEG segment increases
the flexibility of polymer chains, leading to an increase in the free volume,
(ii) increasing hydrophilicity can enhance the solubility of water vapors
molecules, and (iii) the longer polymer chains of PEG-3400 originate from
bigger holes in the polymer network that can enhance the water vapor
permeability.19 The permeability of the membrane with DMPA (S15) is low
compared with S14 owing to the presence of strong ionic interactions that act
as physical cross-link points that hinder the movement of water vapor
molecules. The permeability of the membrane with both PEG-3400 and
DMPA (S16) units is in between that of S14 and S15, as expected. The SMPU
without any hydrophilic or carboxyl groups has a higher permeability than
sample S15, containing a carboxylic group.
The change of permeability also depends on the interaction of water vapor
molecules and polymer chains. The SMPU with a carboxylic group causes a
strong interaction between polymer chains and water vapor molecules, thus
reducing the permeability. Increasing the physical cross-linking points induced
by the carboxylic group results in a reduction of membrane permeability.
The existence of a cross-linking network restricts the mobility of the molecular
chains. This result is contradictory to the equilibrium sorption in which the
water molecules are strongly bound by the carboxylic group with hydrogen
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bonding and the diffusion is restricted. The Tg value of S15 is higher than the
other SMPU which prevents the segmental motion of the polymer chains,
and thus restricts the expansion of free volume. It is concluded that the effect
of diffusivity plays a dominant role in determining the WVT in SMPU
membranes.

5.1.7

Effect of mixed polyol block on water vapor
transport properties of SMPU

The WVT data display the same feature as that of the equilibrium water
sorption behavior. The DMTA data show that the Tg values of all SMPU
samples are well below the experimental temperature, so the fractional free
volume increases with increasing temperature according to equation (5.2)
and thus provides more paths for the water molecules to pass through the
membrane.20–22 In addition, at higher temperature the intermolecular interaction
among individual segments within the polymer chains may be weakened or
broken, leading to an increase of WVT with increasing temperature. This
results in the polymer matrix being more fluid in nature, and the permeability
is higher accordingly.19 The WVT of S20 (PPG-3000–PTMG–2900) is the
best among four SMPU samples (Table 5.2 and Fig. 5.14) and is independent
of the temperature. The presence of flexible PPG and PTMG segments in the
polymer backbone and their phase mixing in the sample can increase the
chain mobility and might be the underlying reason for having a higher water
vapor permeability in S20.
A loose amorphous structure is defined as having low crystallinity and
flexible structure through which water vapor molecules could easily penetrate.23
The WVT can be further enhanced when the experimental temperature reaches
the soft segment crystal melting point (Tms). At temperatures nearly above
Tms, the overall WVT is affected by the chain flexibility, hydrophilicity, and
soft segment crystal melting temperature, which cause discontinuous density
changes inside the membrane. Owing to their combined effects, the WVT
increases abruptly as expected. The WVT of S21 (PCL-3000) is the lowest
among four SMPU samples because of the presence of an ester group which
increases the inter-chain interaction and prevents the water molecules
penetrating the membrane. The percentage crystallinity of this sample is the
highest among the four samples, therefore, the stiff character of polymer
chains can combine with the high percentage of crystallinity in the soft
segments and create a polymeric ‘molecular sieve’, just like as in the glassy
polymer having lower permeability.24 In this sample the increase in WVT
with increasing temperature is due to the increased free volume (see equation
(5.2)). Since the soft segment crystal melting temperature for this sample is
higher than the experimental temperature (DSC results), it has no influence
on the WVT.
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When either PPG-3000 (S18) or PTMG-2900 (S19) is used as the mixed
block along with PCL-3000, the permeability of the SMPU increases
significantly owing the enhanced chain flexibility when compared with sample
containing only the PCL-3000 segment. Once the experimental temperature
reaches about 19 ∞C, the crystal melting of the PTMG-2900 phase can further
enhance the permeability. But the Tms of the other phase, i.e. PCL-3000, does
not influence the WVT as it is higher than the experimental temperature. The
micro-Brownian motion of the soft segment at Tms significantly increases the
intermolecular gap, which is large enough to allow water vapor molecules to
pass through the membrane.24

5.1.8

Effect of the multi-wall carbon nano-tube (MWNT)
on water vapor transport properties of SMPU

The MWNT-SMPU is a multi-phase system in which the coexistence of
phases with different permeabilities can cause complex transport phenomena.
In fact, SMPU itself can be considered as a two-phase system comprising the
soft segment/hard segment-riched portions. The permeability of small molecules
passing through the hard segment is poor. However, the small molecules
passing through a bulk polymer are of enhanced permeability when their
solubility and diffusivity in the polymer are increased. The presence of MWNT
is expected to cause a reduction in the permeability owing to the formation
of tortuous paths induced by the impermeable nano-particles for the diffusing
molecules to pass through. SMPU samples with 0.25 and 0.50 wt% MWNT
content have no significant influence on the permeability (Table 5.2). However,
the permeability of the membrane with 0.25 wt% MWNT increases slightly
above the Tms (Table 5.2), which might be due to the melting of the more
crystalline structure. Crystal melting is able to completely plasticize the
polymer chains in the presence of water molecules because they lead to a
high mobility of polymer chains. At 2.5 wt% MWNT content the sample has
a lower permeability owing to the increased overall stiffness of the polymer
chains.

5.2

Factors affecting equilibrium sorption and
dynamic sorption of SMPU

In general, water vapor transport through a non-porous membrane occurs by
the following sequence: sorption, diffusion, and desorption. The sorption
data are paramount for the characterization of the mass transfer properties in
membranes. Here, mass transfer properties of the SMPUs are characterized
in more detail by equilibrium sorption, dynamic sorption, and water vapor
permeability measurements.
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5.2.1

Effect of hard segment on the sorption of SMPU

The equilibrium sorption data of SMPUs at different temperatures is given in
Table 5.3. Figure 5.15 shows the influence of the hard segment on dynamic
sorption. At the soft segment crystal melting point, dynamic sorption influenced
by the quantity of soft domain presenting in the SMPU matrix. The equilibrium
sorption increases linearly with increasing temperature (Table 5.3), and there
is significant change of water sorption of SMPUs when the temperature
reaches the crystal melting temperature. The increase of water sorption before
crystal melting is due to the increase of free volume. From the DMTA results
it is observed that the Tg of S1–S5 is from –39 to –50 ∞C, the Tg of the
polymer is well below the experimental temperature. The polymer is in a
rubbery state in the experimental temperature range that enhances the chain
mobility and allows easier penetration of the water vapor molecules.24
When the crystal melts, the chain mobility in the soft segment region
increases and thus provides more gaps for the water vapor molecule to penetrate.
Table 5.3 Equilibrium sorption (g/g %) data of SMPUs
10 ∞C

Sample

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25

15 ∞C

25 ∞C

35 ∞C

45 ∞C

ES

CV%

ES

CV%

ES

CV%

ES

CV%

ES

CV%

0.95
0.96
1.17
1.18
0.48
3.76
12.3
17.69
1.23
7.23
17.65
18.9
1.67
6.5
3.26
4.75
1.61
13.18
12.44
20.17
6.72
17.80
17.50
16.88
16.50

2.4
1.5
2.8
2.5
1.5
1.6
1.0
1.5
1.1
2.1
0.9
1.2
1.6
2.7
0.4
0.4
2.4
2.7
1.7
2.3
2.5
1.8
1.1
1.5
1.8

0.98
1.06
1.36
1.24
0.49
4.60
13.7
18.40
1.50
8.5
18.50
20.22
2.10
7.25
3.81
5.28
1.96
14.57
13.1
21.50
7.18
18.64
18.40
17.50
17.15

1.8
2.1
3.5
1.8
1.1
1.9
0.8
1.7
1.0
1.7
1.3
1.1
0.8
1.8
0.9
0.6
2.3
1.7
1.3
1.5
1.7
1.1
1.7
1.0
1.5

1.15
1.08
1.44
1.36
0.58
5.40
15.58
19.20
2.10
9.15
22.10
24.10
3.50
8.18
4.15
5.60
2.15
16.25
13.55
22.85
8.30
23.28
22.50
21.35
20.85

2.3
2.5
1.2
0.9
1.6
2.2
2.5
2.1
1.8
1.5
1.0
1.7
1.8
1.6
0.7
0.5
1.9
2.1
0.7
1.2
1.2
1.5
2.0
2.5
2.1

1.18
1.31
1.51
1.71
0.82
6.00
16.95
21.10
2.50
10.40
20.45
30.63
4.50
9.12
4.70
5.95
2.80
17.15
14.15
24.69
8.88
21.20
20.68
21.75
21.28

3.2
0.5
1.5
0.5
1.7
1.9
1.1
1.7
0.8
1.2
1.4
2.1
1.2
1.3
1.1
0.8
3.2
0.8
1.5
0.8
2.1
0.8
1.6
1.7
1.8

2.3
2.5
8.2
8.6
6.50
6.50
18.40
22.00
3.60
11.20
19.15
22.25
4.95
10.19
5.15
6.35
3.87
18.39
15.87
25.85
9.35
20.67
19.50
22.15
21.95

1.6
1.1
0.8
0.4
1.2
1.1
0.8
1.2
2.1
1.8
1.5
2.6
1.5
1.7
0.5
0.8
0.8
1.5
1.8
1.5
1.6
1.3
1.2
1.9
1.0

ES – equilibrium sorption data, CV% – coefficient of variation of measurements.
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5.15 Dynamic sorption of S1–S4 at 45 ∞C. Mt is the mass uptake of a
polymer film as a function of time during the transient regime of
water sorption at constant activity; Minfinite is the mass uptake of a
polymer film when the sorption equilibrium has been reached.

With increasing hard segment content in the segmented PU, the water sorption
decreases owing to the decrease of free volume. The hard segment acts as
reinforcing filler which prevents the segmental mobility of the polymer chains.
As the hard segment content increases, the formation of the hard domain is
enhanced at the expanse of the percentage crystallinity. This is the underlying
reason for the decrease in equilibrium sorption at the crystal melting
temperature. Another interesting observation can be seen from the samples
S4 and S5 they have nearly the same amount of hard segment, but the equilibrium
sorption for S4 (with a PEG-200 component) is higher than that of the sample
S5 (without PEG-200). Therefore, the incorporation of polar groups in the
polymer chains can attract more water molecules.

5.2.2

Effect of hydrophilic block length on the sorption
of SMPU

The equilibrium sorption data of SMPU presented in Table 5.3 is evidence of
the effect of the hydrophilic segment block length on the water sorption. It
can be seen that the SMPU without PEG, i.e. sample S9, has a very low
equilibrium water sorption compared with that of other SMPUs because of
the presence of the hydrophobic hard domain preventing water sorption. In
this sample, the increase of sorption with increasing temperature is not
significant compared with that of the other sample. The hard segment acts as
reinforcing filler in soft matrix, which prevents the increase of free volume.
With the increase of block length of PEG, water sorption increases with
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5.17 Equilibrium sorption of S8.

temperature due to (i) an increase in the number of polar groups attracting
water molecules and (ii) an increase of free volume. Increasing the block
length of PEG can enhance the molecular flexibility and, accordingly, the
free volume increases abruptly, providing more voids for water vapor molecules
when the temperature is increased. The dynamic sorption and equilibrium
sorption in sample S8 at various temperatures are shown in Fig. 5.16 and
5.17, respectively. From the WAXD and DSC data it is observed that all the
SMPUs have little crystalline structure (except S9); therefore in all cases the
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increase of sorption with increasing temperature is due to the presence of
hydrophilic component and increase of free volume. Again, from the dynamic
sorption result it is evident that the curves show a slightly sigmoidal shape
at the beginning, which indicates the non-Fickian sorption feature.24

5.2.3

Effect of hydrophilic segment content on the
sorption of SMPU

The equilibrium sorption data as a function of temperature for studying the
influence of hydrophilic segment contents on the sorption in SMPU are
shown in Fig. 5.18. Experimental results show that water sorption increases
with increasing PEG-3400 content in polymer backbone owing to the increasing
hydrophilicity. Water sorption was again enhanced with increasing temperature.
Once the water molecules have been absorbed by the polymer chains, the
chain flexibility increases with increasing temperature because of the
plasticization effect of water molecules and polymer chains, providing more
spaces for water molecules. In addition, increasing temperature can increase
the free volume, which also enhances the sorption. Equilibrium sorption can
be further enhanced during the soft segment crystal melting process, which
causes discontinuous density changes inside the membrane and provides
more gaps for water molecules. Interestingly, in samples with 10 wt% PEG3400 (S11) and 15 wt% PEG-3400 (S12), desorption occurred above 25 ∞C.
This desorption can be explained by the lower critical sorption temperature
phenomenon for PEG-3400 chain.17
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5.18 Equilibrium sorption of SPU (S10–S13).
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Effect of hydrophilic and/or carboxylic unit on the
sorption of SMPU

Equilibrium sorption data for studying the influence of hydrophilic and/or
carboxylic unit content on the sorption of SMPUs are presented in Table 5.3.
The sorption of SMPU without any hydrophilic/functional (S17) groups is
low regardless of temperature change, because water molecules can be absorbed
only by the amorphous region in the polymers. There is an abrupt increase in
sorption for SMPU with PEG-3400 due to the presence of more hydrophilic
groups which can easily absorb the water vapor molecules. Increasing the
amount of polar groups increases the membrane’s affinity with water vapor
molecules. This phenomenon indicates that the solubility of water molecules
in polyurethanes increases when PEG-3400 is incorporated in the polymer
backbone. The high equilibrium sorption value is therefore attributed to the
reduction in intermolecular density in the polymer, resulting from chain
flexibility restriction. The sorption of SMPU with DMPA (S15) is lower than
that of the samples with PEG-3400 (S11, S12), but higher than that of sample
S17. It is suggested that the presence of carboxyl groups causes stronger
interaction between the polymer chains, and few carboxyl groups are available
for absorbing water molecules. The sorption of sample S16 (containing both
PEG-3400 and DMPA) is between that of the S14 and S15, but higher than
that of S17. The sorption of all SMPUs increases with increasing temperature,
which may be interpreted as a weakening of the intermolecular interactions
between polymer chains. Thus, the polymer chains have more flexibility to
provide more pathways for water molecules.

5.2.5

Effect of mixed polyol block on the sorption of
SMPU

In general, absorptivity of SMPUs is influenced by the mixed polyol block
owing to the difference in microstructure. Table 5.3 shows that the water
sorption of sample S20 is the highest among all the four samples – S18(5 wt%
PCL-3000 + 5 wt% PPG-3000 + 1.2 wt% PEG-3400 + MDI + BDO), S19 (5
wt% PCL-3000 + 5.17 wt % PTMG-2900 + 1.2 wt% PEG-3400 + MDI +
BDO), S20 (5 wt% PPG-3000 + 5.17 wt% PTMG-2900 + 1.2 wt% PEG-3400
+ MPI + BDO), and S21 (10 wt% PCL-3000 + 1.2 wt% PEG-3400 + MDI +
BDO). The equilibrium water sorption of this sample S20 is influenced by the
presence of hydrophilic segment, i.e. PEG-3400, and an almost amorphous
loose structure which provides more spaces for the water vapor molecules.
The water sorption of all samples is enhanced with increasing temperature.
Once the water molecules have been absorbed onto the polymer chains, their
physical mobility is then increased (this effect is more pronounced when
temperature is increased) owing to the plasticization effect between water
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molecules and polymer chains, thus providing more spaces for the water
molecules in the polymer membrane. In addition, increasing temperature
increases the free volume, which also enhances the equilibrium sorption.
The sorption of sample S21 is the lowest among the four SMPUs, because
of the presence of an ester group which causes stronger inter-chain interaction
results in hindering the equilibrium water sorption. Sorption of PCL-3000based SMPU increases when PPG-3000 or PTMG-2900 is used along with
PCL-3000 segment owing to the increased chain mobility. When the
experimental temperature reaches the soft segment crystal melting point, the
discontinuous density change inside the membrane further enhances the sorption
of the polymer.

5.2.6

Effect of MWNT content on the sorption of SMPU

From Table 5.3, we can observe that the presence of impermeable MWNT at
1 to 2.5 wt% concentration in an SMPU matrix reduces the equilibrium
water sorption. The increase of the mean free path of the water molecules
passing through the matrix of PU/MWNT is suggested as the cause of the
reduction in water sorption.19 In fact, the hydrophilicity or hydrophobicity
characteristics of the polymer membrane are the major parameter determining
the preferential sorption. In all cases water sorptions increase with increasing
temperature owing to an increase in the free volume.
There is significant change of sorption at Tms. The increase of water
sorption of sample S22 above Tms is higher than that of the other SMPUs. The
amount of crystalline structure content in S22 is a little higher than that of the
others, therefore the crystal melting provides more spaces for water molecules
in S22. The desorption phenomena of sample S11, S22, and S23 above 35 ∞C
can be explained by the lower critical sorption temperature phenomenon for
the PEG-3400 chain.14

5.3

Dependence of WVP through SMPU
membranes on temperature

5.3.1

Swelling parameter of SMPU at different
temperatures

This section determines the extent to which the WVP of different PU membranes
are affected by temperature. Equilibrium water sorption in the PU sample is
characterized by the swelling parameter G (wt%) (see Section 5.1.1). The
results are shown in Figs. 5.19 and 5.20. Figure 5.19 shows the five PU
samples having similar hard segment content and hydrophilic segment content
with various polyol contents as the soft segment. It is evident that the swelling
parameters of these samples exhibit an insignificant change when temperature
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5.19 Equilibrium water sorption of PUs having similar HSC at various
temperatures.
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5.20 Equilibrium water sorption of PBA-PU series at various
temperatures.

is increased. The sample PTMG-15-PU has a swelling value higher than
those of the others. Figure 5.20 shows three PU samples having the same
polyol PBA-2000, with various hard segment and hydrophilic segment contents.
It is suggested that the swelling parameters increase with increasing hydrophilic
segment content while showing insignificant change within temperature
ranges from 10 to 40 ∞C. A similar observation has also been reported in the
literature.14,17,19
Figure 5.21 depicts the WVT rates of the PU series with similar HSC as
temperature increases. The WVT rates increase linearly with the temperature.
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5.21 WVT rate of PUs having the same HSC at various temperatures.

The WVT rate of PTMG-15-PU is higher than that of the remaining membranes,
suggesting that the PTMG-15-PU membrane is more permeable than the
others. For the PBA-PU series, the WVT rates shown in Figure 5.22 increase
sharply with increasing temperature. It is suggested that although the
hydrophilic segment content in these three membranes is different, their
effect on the WVT property in different membranes is negligible. The same
results are plotted in log scale to illustrate the transitions in the WVT curves
(data not shown here). It is evident that nearly all the membranes feature a
transition at ~20 ∞C. The sample PTMG-15-PU reveals a linear relationship
between log-plot of its WVT rate and temperature. WVP was measured by
a water cup method similar to ASTM E96 and described in Section 3.11.

5.3.2

Water vapor pressure of SMPU at different
temperatures

It is well known that both the water vapor pressure and water vapor
concentration vary with temperature. Temperature-dependent water vapor
pressure difference (Dp) as well as water vapor concentration difference (Dc)
between vapor source and sink are plotted in Fig. 5.23. It is observed that
both Dp and Dc increase when temperature is increased, revealing a nonlinear relationship.
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5.22 WVT rate in PBA-PUs at various temperatures.
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5.23 Comparison of water vapor pressure and water vapor
concentration at various temperatures.

In order to remove the influence of water vapor pressure on the measurement,
the water vapor permeance defined by the ratio of WVT of a material under
unit vapor pressure difference between two specific parallel surfaces, to the
vapor pressure difference between the two surfaces was used instead. The
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water vapor permeance with various temperatures is calculated using equation
(5.3):

Permeance = WVT = WVT
S ( R1 – R2 )
DP
where P
S
R1
R2

(5.3)

is vapor pressure difference (mm Hg, 1.333 ¥ 102 Pa);
is saturation vapor pressure at test temperature (mm Hg, 1.333 ¥
102 Pa);
is relative humidity at the source expressed as a fraction;
is relative humidity at the vapor sink expressed as a fraction;

The results are plotted in Figs. 5.24 and 5.25. It is observed that for the PU
samples with similar HSC, the water vapor permeances of PBA-15-PU, PCL15-PU, PHA-15-PU, and PEA-15-PU increase with temperature, and that
the increasing rates are different for different polyol contents. It indicated
that the increase in WVT rates of PBA-15-PU, PCL-15-PU, PHA-15-PU,
and PEA-15-PU can be related only to the temperature. However, the water
vapor permeance of the sample PTMG-15-PU decreases with increasing
temperature. As a result, the WVT rate of PTMG-15-PU simply increases
proportionally to the vapor pressure of water when the temperature increases.
The slope of the curve for the sample PTMG-15-PU shown in Fig. 5.21 is
only attributed to the variation of water vapor pressure with temperature.
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5.24 Water vapor permeance of the PU samples having similar HSC
as a function of temperature.
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5.25 Water vapor permeance of the PBA-PU series as a function of
temperature.

The same increase in water vapor permeance with temperature can be observed
in the PBA-PU series in Figure 5.22. These three curves are very close,
suggesting that the effect of hydrophilic segment content on the water vapor
permeance of the samples is negligible.
In order to compare the water vapor transport property between samples,
WVP of each PU membrane is calculated using equation (3.17) in Section
3.11 and the results are plotted in Figs 5.26 and 5.27. The two figures depict
the relationship between WVT in unit time through unit area of unit thickness
induced by unit water vapor pressure and temperature. In Fig. 5.26, the WVP
values of PBA-15-PU, PCL-15-PU, PHA-15-PU, and PEA-15-PU increase
with increasing temperature. However, the WVP of sample PTMG-15-PU
decreases with temperature. In Fig. 5.27, the proximity of the WVP curves
for PBA-PU series suggest that the HSC has little effect on the WVP values
of the three PU membranes, and these values increase with increasing
temperature. Therefore, it is evident that the measured PU membranes are
temperature-sensitive in the measured range from 10 to 40 ∞C, while only
sample PTMG-15-PU shows the least temperature response.
To quantitatively describe the temperature dependence of permeability,
diffusion and solubility coefficients (P, D, and S) in an ideal condition, they
are assumed to follow the same exponential-reciprocal form. Permeability
can be mathematically described by the following Arrhenius equation:
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5.26 WVP of PUs having the same HSC at various temperatures.
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5.27 WVP of PBA-PUs at various temperatures.

185

186

Shape memory polymers and textiles

P = PA exp(–EP /RT)

(5.4)

ln P = PA – EP /RT

(5.5)

where R is the gas constant, T the absolute (thermodynamic) temperature,
and Ep the activation energies for the respective processes.

5.3.3

Arrhenius plots of WVP

Figures 5.28 and 5.29 show the same data in Arrhenius plots. The WVP is
now expressed as a function of the reciprocal temperature. It is observed that
all the samples except PTMG-15-PU show a linear decay relationship between
ln(WVP) and 1/T, indicating that the permeation of water vapor through the
PU membranes obeys the Arrhenius equation. However, the data from sample
PTMG-15-PU cannot be described by the Arrhenius equation. The underlying
reason can be explained from the PALS result: the crystal melting of the
sample PTMG-15-PU starts and ends at 0 and 20 ∞C, respectively. The
temperature range for the WVP measurement is from 10 to 40 ∞C, the sample
PTMG-15-PU has a structural transition. It was this structural transition that
precludes the permeability from fitting the Arrhenius equation.
The overall resistance to mass transfer can be calculated by the addition
of the sample’s intrinsic diffusion resistance (Ri) and the diffusion resistance
at the boundary air layers:

m =
DC
A ( Ri + Rbi )

ln (WVP)

(Rbi):
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5.28 Water vapor permeability of PU samples having similar HSC as
a function of reciprocal temperature.
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5.29 Water vapor permeability of PBA-PU series as a function of
reciprocal temperature.

Ri = ÈÍ DC ˘˙ – Rbi
Î ( m/ A) ˚

(5.7)

where m is the mass flux of water vapor across the sample (kg/s),
A is the area of the specimen (m2),
DC is the log mean concentration difference between the top and
bottom water vapor streams (kg/m3),
Ri is the intrinsic diffusion resistance of sample (s/m),
Rbi is the diffusion resistance at the boundary air layers (s/m).
In practice, Rbi can be negligible owing to its small value compared with
Ri. The water vapor diffusion resistances of the samples as a function of
temperature are shown in Fig. 5.30 and 5.31. It is believed that the variation
of saturation vapor pressure with temperature no longer influences the relative
diffusion resistance of each sample. The diffusion resistance of all samples
except PTMG-15-PU decreases sharply with increasing temperature, and a
structural transition is observed at 20 ∞C. The temperature has a profound
effect on water vapor transport properties of these materials. The sample
PTMG-15-PU, as an ordinary membrane, does not show any dramatic changes
in diffusion resistance due to temperature variation.1,18
All the former studies have clearly shown the very different behaviors of
the soft blocks PEG, PPG, PTMG, PEA, PCL, and PBA in the PU membranes.
Among these soft blocks, PEG manifested itself by displaying a strong
hydrophobic character and resulted in very low water sorption and permeability
in the membrane. According to the ‘solution-diffusion’ mechanisms, gas

188

Shape memory polymers and textiles

Water vapor diffusion resistance (s/m)

40 000
PBA-15-PU
PCL-15-PU
PHA-15-PU
PEA-15-PU
PTMG-15-PU

35 000
30 000
25 000
20 000
15 000
10 000
5 000
0
10

15

20
25
30
Temperature (∞C)

35

40

5.30 Water vapor resistance of the PU samples having similar HSC at
various temperatures.
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5.31 Water vapor resistance of the PBA-PU series at various
temperatures.

permeation is a complex process controlled by the sorption and diffusion of
the penetrant gas molecules in the membrane.24 For our PU membranes, the
vapor sorption was kept low and approximately constant; thus increase in
permeation depends strongly on increasing the diffusion of water vapor in
the materials.
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In summary, the water sorption contents in all the samples are extremely
low (G < 3 wt%) and exhibit little change with temperature ranges from 10
to 40 ∞C. The increase in hydrophilic block content (PEO-200) leads to the
increase in water sorption content.
The WVT rates of all the PU membranes increase sharply and linearly
with increasing temperature, while the water vapor permeance and water
vapor permeability of all PU membranes but PTMG-15-PU also increase
with increasing temperature. All samples but PTMG-15-PU show a linear
decay relationship between ln(WVP) and 1/T, suggesting that the permeation
of water vapor through these PU membranes obeys the Arrhenius equation.
The presence of structural transition in the sample PTMG-15-PU is suggested
to be the main cause of the data deviating from fitting the Arrhenius equation
Diffusion resistances of all the samples except PTMG-15-PU decrease sharply
with rising temperature, while sample PTMG-15-PU behaves like an ordinary
membrane, showing no dramatic change in diffusion resistance with
temperature. This differentiates the intrinsic temperature-dependent
permeability between the PU membranes and the special sample PTMG-15PU.

5.4

Dependence of free volume of SMPU on
temperature

Positron annihilation lifetime spectroscopy (PALS) has emerged as a
unique probe for detecting the free volume properties of polymers in recent
years.26–32 The shortest lived component (t1) and the intermediate component
(t2) are attributed to the self-annihilation of para-positronium (p-Ps) and the
positron annihilation, respectively. The longest-lived component (t3) results
from the pick-off annihilation of ortho-positronium (o-Ps) in the free volume
sites. The o-Ps lifetime (t3) is the measure of size of free volume site in
polymers (the greater t3, the larger the size), and intensity (I3) is indicative
of the number concentration of free volume sites in polymers.23

5.4.1

o-Ps lifetime and intensity properties of SMPU

The result for PALS free volume parameters of o-Ps lifetime (t3) and intensity
of sample S10 at various temperatures is shown in Fig. 5.32. It can be seen
that the o-Ps lifetime increases linearly with increasing temperature, owing
to the thermal size expansion of the free holes with temperature. The general
PALS features for samples S11, S19, and S20 are essentially the same. However,
the absolute values of the o-Ps lifetime for the four samples at specific
temperatures are different. For the sample with a higher PEG-3400 content,
the free volume increases since the longer PEG-3400 increases the chain
flexibility and forms larger holes in the membranes. The degree of phase
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5.32 o-Ps and intensity of S10.

5.33 TEM image of S19 (PTMG and PCL).

separation also affects the free volume7 in the SMPU. As shown in TEM
images and also Fig. 5.33 for sample S19, the hard segment, crystalline
region, and soft segment phase coexist and this will not increase the free
volume significantly as expected. But in sample S20, the TEM image and
Fig. 5.34 indicate that the small amount of crystalline regions is dispersed in
soft–soft and soft–hard segment phase mixed matrix. The increase of free
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5.34 TEM image of S20 (PTMG and PPG).

volume is abrupt in this case, and PALS data confirm this. Sample S11 has
better phase separation than sample S19 as a result of higher free volume.
Since their compositions are different, the selection of soft segment is important,
which influences the morphology of the membrane and its physical properties
such as WVT.

5.4.2

Free volume radius of SMPU

The plot of the free volume radius with various temperatures is shown in Fig.
5.35. The effect of different soft segments on the WVT is mainly attributed
to the difference in free volume. The free volumes of the holes are different
for the four samples. This could be explained in general by the overall
interaction between polymer chains and packing of polymer chains due to
different compositions. Having the same hard and soft segment contents but
different flexible hydrophilic segment contents (PEG-3400) can affect the
overall free volume of holes. The SMPU with the higher PEG block (S11) has
a higher free volume of holes than the SMPU (S10) having the lower PEG
segment content. This can be explained in terms of the flexibility of the
polymer chains imposed by the PEG segment. Sample S20 has the highest
free volume of holes among the four samples, owing to their loose and
almost amorphous structure. Sample S19 has the lowest free volume of holes
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5.35 Free volume radius of sample S10, S11, S19, and S20 at various
temperatures.

of the four. The presence of an ester group causes strong interactions between
the polymer chains, resulting in restricting the movement of soft segments.
This is a preliminary explanation for the trend of WVT and free volume of
holes for all four selected SMPUs. The significant change of temperaturedependent o-Ps intensity, I3, can be observed in the melting temperature
range of SMPU. I3 consists of two segments for S11 and S20, and three
segments for S19. For these samples, the intensity decreases from 268 K to
room temperature and increases linearly when the temperature is raised above
room temperature. The melting point is the soft segment crystal melting at
about 293 K (20 ∞C), and this result supports the DSC data. In case of S19 the
second meeting point is interpreted as the second soft segment crystal melting
point at about 320 K (47 ∞C) and supports the DSC data as well. But in the
case of S10, no significant transition point was observed in the PALS experiment,
which may be due to their lower percentage crystallinity structure, and most
importantly their strong hydrogen bonding between the molecular chains,
which prevents the change in o-Ps intensity at the soft segment crystal melting
point temperature.

5.4.3

Free volume and water vapor transport properties
of SMPU

Figure 5.36 shows the WVT of the four samples. The WVT in a dense
membrane is a measure of the effective mobility of the penetrant in the
polymer matrix. When the size of free volume is comparable with water
vapor molecule, its diffusion would be restricted. On the other hand, if the
size of free volume is large enough as compared with the water vapor molecules,
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5.36 Plot of WVT in different samples against temperature.

it will diffuse through the membrane with a large diffusion constant. This
explains why the WVT increases as a function of free volume of holes.10 The
effect of SSC on WVT is mainly attributed to its free volume. From Fig.
5.36, we can see that S20 has a much higher WVT than the other three
samples, which is attributed to its much higher free volume. The flexibility
and loose packing of the soft segment result in increasing the concentration
of free volume of holes which is then capable of maintaining water vapor
transmission in soft segment region. As expected, free volume has a direct
correlation with the WVT: a large number of free volume holes are required
for larger gas permeability.10 The structural changes that cause the change in
the free volume also affect the polymer–water vapor molecules interaction.
The effects of chemical compositions on the gas permeabilities are due to
the free volume and the nature of chain packing/interaction. The WVT in
these SMPU membranes with hydrophilic soft segments are controlled by
not only the free volume but also the hydrophilicity of the polymer. For
example, S11 contains a higher PEG-3400 content than that of S10, which
gives the membrane a higher level of hydrophilicity, and thus a higher WVT.
The WVT of sample S19 is comparatively low as with the other three samples,
in this case strong interactions of polymer chains occur due to the presence
of the ester group in the PCL-3000 segment, which prevents the increase in
free volume as a result of lower WVT. The entanglement of hard, soft, and
crystal regions as shown in TEM images (Fig. 5.33) can also decrease the
free volume and hence the WVT of S19. Above the soft segment crystal
melting point temperature, free volume increases significantly owing the
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discontinuous density changes inside the membrane, and thus the WVT is
increased. But in case of S19, the primary soft segment crystal point temperature
is 46.8 ∞C which does not affect the WVT as its testing temperature range is
12–45 ∞C.

5.4.4

Summary of water vapor transport properties and
free volume of SMPU

In summary, the water vapor transport property of SMPU depends on the
type and content of soft segment, molecular weight, and content of hydrophilic
segments. Sorption decreases with increasing hard segment content because
of their hydrophobic nature. In contrast, sorption increases with increasing
soft segment content in the SMPU matrix because of the chain flexibility
possessed by the soft segment. Soft segment crystal melting causes
discontinuous density changes inside the SMPU membrane, which provides
more paths for water vapor molecules to pass through. Equilibrium sorption
also increases with increasing block length of the hydrophilic segment and
content of hydrophilic segment. The sorption increases with increasing
hydrophilic block length owing to the increasing hydrophilicity of polymer
chains which can attract more water molecules. The presence of a flexible
hydrophilic segment also increases the chain flexibility, which provides more
gaps for water molecules. With increasing hydrophilic segment content in
SMPU, desorption occurs at a higher temperature (above 35 ∞C). This desorption
phenomenon can be explained by the lower critical sorption temperature
phenomenon of the hydrophilic segment (PEG-3400). The presence of a
DMPA unit in the polymer backbone decreases the sorption properties of the
SMPU. The presence of carboxylic groups causes a strong ionic interaction
between the polymer chains, which is the reason for the reduction in equilibrium
sorption. The mixed block SMPU based on PTMG-2900 and PPG-3000
polyol has the highest equilibrium sorption of all the SMPU samples because
of its loose and nearly amorphous structure. The sorption of PCL-3000based SMPUs increases when PPG-3000 or PTMG-2900 is used along with
the PCL-3000 segment. In contrast, increasing the MWNT content in SMPUs
decreases the equilibrium sorption because of the increasing stiffness between
polymer chains.
The influence of different factors on the WVT follows the same trends
with equilibrium sorption of SMPUs. The WVT of SMPUs have been improved
by either increasing the SSC in the polymer backbone or decreasing the HSC
in the SMPU. Increasing the HSC causes a higher inter-segment mixing,
which in turns increases the membrane density. Higher inter-segment mixing
and density will always decrease the WVT of SMPU membranes. The WVT
increases with increasing hydrophilic block length and hydrophilic segment
content. High molecular weight hydrophilic segment (PEG-3400) enhances
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the permeability through the increase of the hydrophilicity, which increases
the interaction between water vapor molecules and polymer chains. The
longer polymer chain of hydrophilic segment originates from larger polymer
network holes that can also enhance the WVT. The soft segment crystal
melting causes discontinuous density change inside the membranes, which
provides more paths for the water vapor molecules to pass through. However,
the presence of a carboxylic group (DMPA) in the SMPU backbone decreases
the WVT of the SMPU because of the strong ionic interaction which acts as
physical cross-link points, hindering the flow of water vapor molecules.
Mixed polyol block SMPUs based on PPG and PTMG possess higher WVT
owing to their loose and nearly amorphous structure. The presence of flexible
PPG and PTMG segments in the polymer backbone and their phase mixing
structure increases the chain mobility that in turn enhances the WVT. The
WVT of SMPU membranes with a low quantity (0.25 wt%) of MWNT
increases slightly in the room temperature range owing to the more ordered
structure produced in this temperature range, and enhanced permeability.
However, the WVT of SMPU of 2.5 wt% of MWNT decreases owing to the
increase in stiffness of the polymer chains.
The free volume of polymer depends on the morphology of polymers.
PALS results revealed that the free volume of polymers could be improved
by using the flexible soft segment in the polymer backbone. The flexibility
and loose packing of the soft segment increases the concentration of free
volume holes which are capable of supporting the WVT through the soft
segment region. The degree of phase separation also influences the free
volume of SMPUs. The free volume is not affected significantly when the
crystal structure, and the soft and hard segments coexist. Therefore the selection
of the soft segment is important because it influences the morphology of the
polymer. The variation of morphological structure affects the free volume as
well as the WVT. Therefore, the WVT of SMPUs can be controlled by
segmental architecture, increasing hydrophilicity, and free volume.
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6
Characterization of shape memory properties
in polymers

As a type of smart material, shape memory polymers (SMPs) are increasingly
drawing attention.1–7 A good variety of polymers have been reported to show
shape memory properties,3–32 but the different characterization or evaluation
methods of shape memory properties and the varying conditions employed
by different researchers have meant that the reported properties of SMPs are
not comparable. Therefore the relationship between shape memory properties
and structures is not completely known for some types of SMPs. This may
eventually hinder the development of high-performance SMPs. Furthermore,
in contrast to the rapid increase of the number of SMPs, the application of
SMPs lags much behind. One of the chief reasons is perhaps that the currently
used property characterization of the SMPs does not provide comprehensive
information for researchers. Therefore the evaluation of SMPs is crucial for
the development and application of SMPs. This chapter provides a simple
review of the currently used characterization of the shape memory properties
of polymers.

6.1

Parameters for characterization

To characterize the shape memory properties of polymers, a set of parameters
is needed. First, the parameters should be able to reflect the nature of polymers.
Second, to distinguish them from other properties of materials, shape memory
properties are shown through a series of thermomechanical cyclic processes.
Therefore the parameters should be able to define the whole shape memory
processes as well. At last, the design of the parameters should consider the
potential applications. In view of these factors, some parameters have been
proposed and quantified.2,7,20 The parameters are introduced in the following.

6.1.1

Shape fixity

As has been described in the foregoing sections, when a shape memory
polymer is heated to a temperature above the transition temperature for
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triggering shape memory behaviors (Ttrans),33 it can develop large deformations
which can be mostly fixed by cooling to a temperature below Ttrans. This
parameter was proposed to describe the extent of a temporary shape being
fixed in one cycle of shape memorization.2,7,33 It should be noted that the
various, confused usages of notation or even expression occur in the
characterization of SMPs. As for shape fixity, some other features such as
strain fixity,2 and shape retention,25 represent the same physical meaning.
Shape fixity (Rf) is equal to the amplitude ratio of the fixed deformation to
the total deformation, which is given by:

Shape fixity = Fixed deformation ¥ 100%
Total deformation

(6.1)

Shape fixity related to both structures of polymers and the thermomechanical
conditions of shape memorization. As compared with the structures of SMPs,
the thermomechanical conditions play equally or even more important roles
in determining the shape fixity and other shape memory properties. The
detailed influence of thermomechanical conditions on shape fixity is given
in Section 6.3.

6.1.2

Shape recovery

A given SMP holding a deformation by low temperature can restore its
original shape by being heated up above Ttrans. Shape recovery (Rr) is used
to reflect how well an original shape has been memorized.2,7,33 Compared
with the case of shape fixity, the diverse and confused usages take place not
only to notation but also to mathematical expressions for this parameter.
Tobushi et al.2 utilized the thermomechanical cyclic tensile tests to evaluate
SMPs and entitled the parameter ‘shape recoverability’ or ‘strain recovery’.
In that study, the physical meaning represented by this parameter was
interpreted as:

Strain recovery
=

Deformation recovered by sample in this cycle
¥ 100%
Deformation taken place to sample in one cycle

(6.2)

Kim and coworkers7 also employed the thermomechanical cyclic tensile
tests to evaluated SMPs and defined ‘shape recovery’ for the parameter. The
definition was given by:
Shape recovery
=

Deformation recovered by sample in a whole cycle
¥ 100% (6.3)
Deformation taken place to sample in the first cycle
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Li and Larock34 utilized the bending test to investigated SMPs and their
definition of recovery rate could be understood by:
Recovery rate
=

Deformation recovered by sample in reheating process
¥ 100%
Fixed deformation
(6.4)

It is apparent that, as formulas (6.2), (6.3), and (6.4) show, the three forms
of definition indeed represent different physical meanings even through they
all can reflect the shape recovery from a particular angle. As the consequence
of the different definitions, different values of shape recovery will be obtained
from the different formula. For example, in the case of equation (6.2) the
shape recovery will increase with increasing cycle number and tend to 1,
while the shape recovery will increase with increasing cycle number in the
case of equation (6.3). Therefore caution should be taken in calculating
shape recovery.
Like shape fixity, shape recovery depends on both the structures of polymers
and the thermomechanical conditions of shape memorization. The relationship
between thermomechanical conditions and shape recovery is described in
Section 6.3.

6.1.3

Recovery stress

Recovery stress stems from the elastic recovery stress generated in the
deformation process. When SMPs are heated and deformed, the elastic stress
is generated and the elastic stress is stored when SMPs are cooled below
Ttrans. If the deformed and fixed SMPs are reheated above Ttrans, the stress
stored in SMPs is released as shape recovery stress. In this sense, one cycle
of shape memorization can be looked on as a thermomechanical cycle consisting
of stress generation, stress storage, and stress release.
SMPs are considered promising in development of smart actuators. The
characterization of shape recovery stress is therefore essential. However, the
attempts have scarcely been devoted to the investigation of shape recovery
stress. Tobushi et al.35 investigated the shape recovery stress through a specially
designed thermomechanical cyclic tensile test on a shape memory material
testing machine consisting of a tensile machine accompanied by a constant
temperature chamber. The detailed processes of the test will be demonstrated
in Section 6.2. Tey et al.36 studied the recovery process of the shape memory
polyurethane foam MF-5520 produced by Mitsubishi Heavy Industry (MHI).
The shape memory polyurethane foam was compressed at 83 ∞C and was
cooled to room temperature (about 30 ∞C) to keep deformation. Then the
deformed foam was heated gradually and the change of recovery stress as
the temperature increase was investigated. Liang et al.37 investigated the
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recovery stress of the MM-4500 SMP from MHI. A heat gun was used to
heat the specimens (short-time heating, so there is no apparent creep), and
the temperature was estimated in the range of 70–80 ∞C. Apart from the
above description, the other detailed information regarding to equipment,
experimental process, and conditions of their tests are not available.
The dilemma for the characterization of recovery stress of SMPs is chiefly
caused by viscoelasticity of polymers, especially for the thermoplastic SMPs.
Owing to the limitations of equipment and efficiency of heat transfer, it is
practically impossible to heat or cool an SMP to a certain temperature in a
sufficiently short time in experiments. Therefore the stress relaxation is
inevitable by all means if only the SMP is in a constrained state. As a
consequent, the stress generated in deformation must be lost more or less in
the shape fixing and shape recovery processes. Additionally, the rate of
stress relaxation alters with the temperature change in the whole shape memory
process, which means that its influence on the recovery stress is unknown. In
the other words, the recovery stress may change all the time with the stress
relaxation, but the exact nature of the change is uncertain. Therefore it is
difficult to capture or calculate the recovery stress in quantitative terms. In
practical applications, the influence of viscoelastic behaviors will be inevitable.
So if the experimental conditions are constant and the experimental results
are thereby reproducible, the measurements of recovery stress in relative
meaning are valuable. The author carried out some investigations on the
recovery stress of SMPs through a specially designed thermomechanical
cyclic tensile test. The detailed processes and experimental results are shown
in Section 6.2.

6.1.4

Recovery rate

This parameter is a dimension for describing the speed when a given SMP
recovered from a temporary shape to its original shape by being heated. The
parameter has no uniform name. In the study of Li et al.,20 it was named as
‘speed of recovery process’ while Luo et al.23 entitled it ‘deformation recovery
speed’. Here, the author proposes the name ‘shape recovery speed’ as its
title, which is in parallel with the other shape memory properties, makes it
easy to remember. The parameter can be measured qualitatively and
quantitatively.
Liu et al.26 investigated the shape recovery process of some SMPs and
qualitatively studied the shape recovery speed using a video camera at a rate
of 20 frames/s. It was evident that the SMP was restored to its original shape
in 0.7 s. Li et al.20 and Luo et al.23 investigated the shape recovery of SMPs
with a constant heating rate. Through the curve of shape recovery as a
function of temperature, the shape recovery speed was calculated. The shape
recovery speed can be defined as:
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(6.5)

where Vr is the shape recovery speed, dR/dT is the ratio of shape recovery to
temperature, and dT/dt is the heating rate.

6.2

Measurements of parameters

6.2.1

Thermomechanical cyclic tensile tests

Tobushi et al.,2 Takahashi et al.,3 and Kim and co-workers6–10 employed the
specially designed thermomechanical cyclic tensile tests to study the shape
memory properties of SMPs. As shown in Fig. 6.1, the equipment of the tests
involves a material tensile tester and a constant temperature chamber.
Accompanied by the constant temperature chamber, the material tensile tester
performs a series of cyclic tensile processes. The stress and strain in the
thermomechanical processes are recorded. With the stress–strain–temperature
relationship, the shape memory effect and the shape recovery stress can be
investigated.
The procedures of shape memory effect testing are shown in Fig. 6.2.
At step 1 an SMP sample (usually a strip of SMP thin film) is heated to a high
temperature Thigh > Ttrans (often 15–25 ∞C above Ttrans) and is extended to a
designed strain (em). At step 2, the sample is maintained with constant strain
em, and is cooled to a low temperature Tlow < Ttrans (usually room temperature)
to fix the temporary shape. At step 3, the sample is unloaded and the clamps
of the tensile tester go back to their original position. At the beginning of the
unloading process, the elastic recovery stress of the sample is reduced and
turns into zero at strain eu. With further unloading, the sample is in its bent

1
2

3

4

5

6.1 Equipment for thermomechanical cyclic tensile tests: 1 material
tensile tester; 2 constant temperature chamber; 3 upper clamp;
4 SMP sample; 5 lower clamp.
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6.2 Diagram of stress–strain SME testing.

state. At step 4, the sample is reheated to Thigh and recovers to its original
shape with a residual strain ep which is found in the step 1¢ of the next cycle.
It is worth noting that the procedures may vary with the different equipment.
Tobushi et al.2 could study the shape recovery step by step with the increase
of temperature at a constant heating rate because of their specially designed
equipment. In spite of the difference of equipment and experimental processes,
the tests all provide reliable and reproducible experimental results.
With curves of stress to strain of the thermomechanical cyclic tensile
tests, the shape memory effect including shape fixity Rf and shape recovery
Rr can be calculated. The calculation of Rf is given by:
Rf =

eu
¥ 100%
em

(6.6)

As for shape recovery, different forms of definition have been employed.
Tobushi et al.2 calculated the parameter with the following equation:

e – eP (N) ˘
Rr ( N ) = ÈÍ m
¥ 100%
e
Î m – e P ( N – 1) ˙˚

(6.7)

where Rr(N) and ep(N) denote the strain recovery and the residual strain,
respectively, in the Nth cycle. This definition would result in the experimental
results tending to 100% as the cycle number increased. Another definition
was proposed by Kim and Lee,7 which was given by:

e – eP (N)˘
¥ 100%
Rr ( N ) = ÈÍ m
em
˚˙
Î

(6.8)

Calculating in this way would result in that the shape recovery decrease with
the increase of cycle number and might gradually tend to stabilize at a value.
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Stress

Through a specially designed thermomechanical cyclic tensile test, Tobushi
et al.34,35 investigated the recovery stress of their SMPUs. As shown in Fig.
6.3, in this thermomechanical cyclic tensile test, steps 1 and 2 are in analogy
with the steps 1 and 2, respectively. In step 3, the sample is unloaded until
the stress goes to 0. Afterwards, the sample is maintained at Tlow under no
stress for 10 min in step 4. Then in step 5, the sample is maintained with
constant strain and is heated to Thigh. In this step, the stress stored by cooling
is released shape recovery stress which is recorded in the process. At last, the
sample is unloaded until it reacts 0 strain in step 6.
Tobushi et al.35 investigated the shape recovery stress with a maximum
strain only 2.4% or 4%. Ji et al.38 employed a similar test to study the
recovery stress of SMPUs. Figure 6.4 shows the recovery stress changing
with the recovery process undergoing of some SMPUs. The cyclic test was
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Strain
5

6

Thigh
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m
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3

6.3 Schematic of experiment for measuring recovery stress.
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6.4 The recovery stress changes in the recovery process.
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performed with a method similar to that of Tobushi et al. At a given strain,
the maximum stress value recorded in the heating process is considered as
the effective shape recovery stress. It can be seen that the effective shape
recovery stress decreases as the strain decreases.

6.2.2

Bending tests

The thermomechanical cyclic tensile tests involve the use of special equipment.
In contrast, bending tests are much simpler and is easily approached by most
researchers. Liu et al.,26 Lin and Chen4,5 and Li and Larock34 investigated
the shape memory effects of SMPs through this method. As shown in Fig.
6.5, an SMP sample (usually a strip of thin film of SMP) is bent to a given
angle qmax at a high temperature Thigh above the switching transition Ttrans.
Then the deformed sample is cooled to a low temperature Tlow < Ttrans.
Subsequently, the external force is released and the sample restores a little
and turns to an angle qfixed. By being heated to Thigh again, the sample gradually
recovers its original shape as temperature increase and a series of angles
qi(T) are recorded. Finally the sample turns to angle qfinal when the recovery
is finished. With the series of angles qi(T) recorded, the shape fixity and
shape recovery are given by the following equations:

Rf =

q fixed
¥ 100%
q max

(6.9)

q
– q final ˆ
¥ 100%
Rr = Ê fixed
q fixed
Ë
¯

(6.10)

– q i(T ) ˆ
q
¥ 100%
Rr ( T ) = Ê max
Ë
¯
q max

(6.11)

or

where Rr(T) denote the shape recovery when the sample is heated to temperature
T. With the curve of Rr(T) as the function of temperature, the recovery
qmax
qfixed

qfinal

6.5 Illustration of bending test.
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progress and shape recovery rate in the whole heating process can be
investigated.

6.2.3

Hot-stage microscope
22

Ma et al. and Li et al.20 investigated the shape memory effects of some
SMPs by using a hot-stage microscope. As Fig. 6.6 shows, a test sample is
heated from room temperature (point A) to a high temperature Thigh > Ttrans
(point B) and is stretched to a strain e1 (point C). The sample is cooled to a
low temperature Tlow < Ttrans (generally room temperature, point D) to fix the
temporary shape. After removing the external force, the sample recovers a
little to e2 (point E). Then the sample is heated again to Thigh at a constant
heating rate (1 ∞C/min in Ma et al.22 and 2.7 ∞C/min in Li et al.20). The shape
recovery of the sample proceeds with the increase of temperature and the
strain of the sample at varying temperature e(T) is recorded. The shape fixity
and shape recovery are therefore calculated with the following equations:
Rf =

e2
¥ 100%
e1

(6.12)

Rr =

e 2 – e (T )
¥ 100%
e2

(6.13)

With the curve of shape recovery as a function of temperature, some new
parameters can be derived. The Tr related to 50% Rf is called the response
e1

Rf
0.9 Rf

E

0.5 Rf

0.1 Rf
0

e(T)

R(T)
0

B

A

T10 T1 T90
Temperature

6.6 Illustration of heat shrinkage test.

Recovery rate, R

Strain, e

e2

C

D
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temperature. A parameter Vr (called the ‘shape recovery speed’ in this book)
is used to characterize the speed of recovery process, defined as:
dT ˆ
0.8 Rf e 2 Ê
Ë dt ¯
Vr =
T90 – T10

(6.14)

where dT/dt is the heating rate of recovery process, and T90 and T10 are the
temperatures corresponding to the shape recovery 0.9Rf and 0.1Rf on the
recovery curve, respectively. In addition, the maximum shape recovery speed
Vmax can be derived from the differential curve of shape recovery.23

6.2.4

Heat shrinkage tests

In the review of Lendlein and Kelch,33 they pointed out that the mechanism
of the heat-shrinking process was analogous to the thermal-induced shape
memory effects. The border for the catalogue of heat-shrinking polymers
and SMPs is not yet clear. As far as the author is concerned, the heatshrinking polymers are indeed a class of SMPs. Therefore the method for
evaluating heat shrinkage products is introduced here. In the method, the test
samples stretched at room temperature are kept under a constant stress of
about 0.2 MPa and heated above Ttrans. The shrinkage is then defined by
equation (6.15), where lstr is the length of the stretched sample, and ls is the
length of the sample after the shrinkage process:

Heat shrinkage (%) =

6.2.5

lstr – ls
¥ 100%
lstr – l 0

(6.15)

Other tests

Besides the methods described above, some other special experiments have
also been performed to characterize the SMPs. The methods are introduced
as complementary alternatives.
In the above-mentioned methods, the shape recovery of SMP samples in
an extended or bended state has been investigated. Tey et al.36 studied the
shape memory behaviors of SMP foam MF5520 (Tg = 63 ∞C) in a compression
mode. All specimens were the bulk pieces of SMP foams. An Instron 5500Rcontrolled temperature tester with a heating chamber was used for the
experiment. The first step was to compress the SMP foam to a designed
length at a temperature over Tg and then cool it back to room temperature
with the constant deformation. After the deformation was fixed, the compressed
samples were reheated under hibernation conditions through keeping constant
external force or constant strain and the shape recovery and shape recovery
stress were investigated, respectively. Figure 6.7(a) shows how, as the
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temperature increases, the shape recovery stress increases at the beginning
and drops after a peak of shape recovery stress. As the heating started, the
shape recovery stress was released with the increasing temperature. As the
temperature increased further, the stress relaxation became more apparently.
The shape recovery stress decreased after further temperature increase. Figure
6.7(b) shows the shape recovery increase with increasing time, and the small
external force is beneficial for shape recovery.
Gall and co-workers27 implemented a dynamic mechanical analyzer (DMA)
to investigate the shape recoverable force of thermosetting SMPs and their
composites. Recoverable force tests under constraint were conducted in
the DMA apparatus. At first, a millimeter-sized specimen was deformed at
120 ∞C and cooled to room temperature. The deformed ‘frozen’ specimens
were placed in a three-point bend fixture and the probe tip was brought just
into contact with the inner surface of the specimen. While the probe tip was
kept fixed by displacement control, the temperature was increased, and
7

Stress (KPa)

6
5
4
3
2
1
0
20

40

60
Temperature (∞C)
(a)

80

100

40

Extension (mm)

35
30
25

1
2
3
4

N
N
N
N

20
15
10
5
0
0

200

400

600
800
Time (s)
(b)

1000

1200

1400

6.7 The recovery of compressed foam under hibernation: (a) recovery
stress changes with temperature under constant strain and (b) shape
recovery changes with time under constant external force.
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recoverable force was measured. Figure 6.8 shows how the recovery force
changed with the increase of temperature when the samples were kept under
constant bending deformation. The tendency of the curves is analogous to
that of Fig. 6.7(a) owing to the similar mechanism.

6.3

Effect of thermomechanical cyclic conditions

Lendlein and Kelch33 pointed out that the shape memory effect is not related
to a specific material property of single polymers; it rather results from a
combination of the polymer structure and the polymer morphology together
with the applied processing and programming technology. The SME of SMPs
is shown through the whole thermomechanical cyclic processes involving
deformation, shape fixing, and shape recovery. Each process may change the
shape memorization and eventually affect the shape memory properties.
Changing the conditions in the thermomechanical cyclic processes would
lead to a variation of the shape memory properties. The different methods
and conditions employed in the previous reports make almost all of the
experimental results reported hard to compare. It is necessary to characterize
the shape memory effect with varying conditions in order to provide important
information for development and application of SMPs. Hu et al.39 have
employed the thermal cyclic tensile tests to systemically study the effects of
thermomechanical conditions on shape memory properties of an SMPU
(MS4510).
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6.8 Recovery force changes with temperature under constant strain
constraint.
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Effect of deformation conditions on shape memory
effect

Effect of deformation temperature
The shape memory effect of the SMPU MS4510 was examined under different
deformation temperatures Thigh = Tg + 80 ∞C, Tg + 50 ∞C, Tg + 25 ∞C, Tg,
Tg–10 ∞C and Tg – 20 ∞C with the same fixing temperature Tlow = Tg – 20 ∞C.
The recovery ratios are plotted against deformation temperature in Fig. 6.9.
It can be seen that the recovery ratios of the SME tests with Thigh = Tg and
Thigh = Tg + 25 ∞C were higher than those of other SME tests. As for Thigh =
Tg + 50 ∞C and Thigh = Tg – 10 ∞C, the SME tests gave rise to lower recovery
ratios. When the Thigh increased to Tg + 80 ∞C or decreased to Tg – 20 ∞C, the
recovery ratios dramatically decreased. It seemed that the SMPU exhibited
SME in the range from Thigh = Tg – 10 ∞C to Thigh = Tg + 50 ∞C and showed
better SME in the deformation temperature range from Tg to Tg + 25 ∞C. It
could be inferred that when Thigh was at the temperature below Tg – 20 ∞C or
above Tg + 80 ∞C the SME would be far from satisfied.
These results can be explained as follows: when Thigh was much lower
than Tg, the reversible phase was rigid. Hence both the reversible phase and
frozen phase were deformed simultaneously. As a result of the deformation
of the frozen phase, lower recovery ratios were expected. When Thigh > Tg,
the molecular segments of the reversible phase obtained enough activity
to develop large deformation, thus the frozen phase suffered from less
deformation in the deformation processes. The SMPU was therefore able to
restore the original shape. When Thigh approached Tm, the fixed phase was
readily destroyed by even a slightly deformation, and thus lower recovery
ratios were expected.
The experimental results indicate that the SMPU exhibits a good shape
memory effect in the deformation temperature range in which the molecular
100

Recovery ratio (%)

90
80
70
60
50
40
30
20

Cycle
Cycle
Cycle
Cycle
40
60
80
100
Deformation temperature (∞C)

1
2
3
4

120

6.9 Recovery ratios versus deformation temperature.
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segments of reversible phase have sufficient energy to respond to the external
force while the fixed phase is able to remain relatively stable. In addition, the
SMPU still exhibited a reasonably good shape memory effect with deformation
temperature at Tg – 10 ∞C.
Effect of maximum strain
The SME tests of the SMPU with 100%, 200%, and 300% maximum strain
were conducted and the experimental results are shown in Fig. 6.10. It is
obvious that the recovery ratios decreased both with the increase of maximum
stain and with the number of testing cycles. It implied that the large elongation
would lead to more breakage of the fixed structure and thus more irrecoverable
deformation. However, the recovery ratios for 200% and 300% elongated
samples were almost the same, reflecting that a broken fixed structure could
be deformed more easily, thus avoiding further structural damage.
Effect of deformation rate
In this study, shape memory effect tests with different deformation rates of
2 mm/min, 10 mm/min and 50 mm/min were conducted. The curves of the
recovery ratios to cycle number are shown in Fig. 6.11. The recovery ratios
increased with the increase of deformation rate.
The phenomenon could be explained as follows: the recovery ratios mainly
relied on how much the elastic energy generated in the deformation processes
was stored. If the SMPU deformed slowly, a great amount of stress was lost
through stress relaxation and the recovery ratios decreased. Hence in practical
applications of SMPUs a high deformation rate should be reasonable.
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6.10 Recovery ratios versus cycle number of the SME tests with
different maximum strain values.
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6.11 Recovery ratios versus cycle number of the SME tests with
different deformation rates.

6.3.2

Effect of fixing conditions on shape memory effect

Effect of fixing rate
In the practical shape memorization of SMPs, the deformation may either be
fixed by quenching or maintained for some time at high temperature before
cooling. All these fixing methods can be concluded as a control of fixing
rate. To investigate the effect of the fixing rate on the shape memory effect
of the SMPU, the basic shape memory effect (SME) test was altered by
inserting a step of maintaining deformation for 20 min between loading and
cooling in each cycle. The modification could be considered as the decreasing
the fixing speed. Hereafter this modified SME test was designated as MSME. The SME and M-SME tests were both conducted with Thigh = Tg and
Thigh = Tg + 25 ∞C. The recovery ratios as a function of cycle number are
shown in Fig. 6.12. It was found that as compared with the SME tests, the
M-SME tests gave rise to lower recovery ratios. It is assumed that the results
could be ascribed to the difference of the stress relaxation which occurred in
the SME tests and M-SME tests. Therefore to apply SMPUs appropriately it
is advisable to quench the deformed SMPUs to a frozen state as soon as
possible.
Effect of fixing temperature
Hu et al.40 also investiged the relationship of the fixing temperature and the
shape memory effect. By changing the fixity temperature of the basic SME
test, the SME tests with Tlow = Tg – 10 ∞C and Tlow = Tg – 5 ∞C were conducted.
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6.12 Recovery ratios versus cycle number of SME and M-SME tests.

The comparison of the SME tests with different Tlow is shown in Fig. 6.13.
It was found that the fixity dramatically decreased from over 95% to below
65% with the fixing temperature increasing from Tg – 20 ∞C to Tg – 5 ∞C.
Therefore it can be drawn that the SMPU has to be cooled to sufficient low
temperature to freeze the micro-Brownian motion of the molecular segments.
For this SMPU, the fixing temperature has to be lower than Tg – 20 ∞C to get
an optimal shape memory effect.

6.3.3

Effect of recovery conditions on shape memory
effect

Effect of recovery temperature on shape memory effect
To investigate the effect of recovery temperature (Tr) on the shape memory
effect, the following two SME tests, A and B, were carried out. Both tests
were performed by modifying the basic SME tests that have been mentioned
above. For test A, the first, second and third loading processes were performed
at Tg, the fourth and fifth loading processes at Tg + 5 ∞C, the sixth and
seventh loading processes at Tg + 15 ∞C, the eighth and ninth loading processes
at Tg + 25 ∞C. For the test B, the first loading process was performed at Tg
+ 25 ∞C and the following eight cycles were the same as the test A.
Figure 6.14 shows that the curves of the recovery ratios as a function of
cycle number of test A and test B. It was found that for test A, the recovery
ratios slightly decreased with the increase of cycle number (or with the
increase in Tr). However the recovery ratios increased with the increase in Tr
in test B. This experimental phenomenon might be explained as follows:
when the sample was heated to Tg, Brownian motion of molecular segments
became activated and, with the temperature increase, more and more large
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6.13 Effect of fixing temperature on the shape fixity.
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6.14 The dependency of SME on the recovery temperature Tr = Tg;
Tg + 5 ∞C; Tg + 15 ∞C; Tg + 25 ∞C as Cycle number = 1, 2; 3, 4; 5, 6; 7, 8.

molecular segments were activated. The activated molecular segments moved
in the direction of the external force and then were frozen in the form of
orientation or crystallization in the following fixing process. In the recovery
process the frozen molecular segments were reactivated gradually. However,
the low temperature could not reactivate the large frozen molecular segments
that might still hold some deformation. Therefore in order to obtain an
optimal shape memory effect, the SMPU has to be heated at least to above
the temperature at which the first deformation took place.
Effect of recovery time
By changing the recovery time of the basic SME test from 10 to 40 min, the
effect of the recovery time on shape memory effect was studied. The
experimental results are shown in Fig. 6.15. It was evident the recovery
ratios increased slightly with the increase of recovery time. The results revealed
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6.15 Effect of recovery time on SME.

that the sufficient recovery time could accelerate the frozen molecular segments
to move and improve the shape memory effect somehow.

6.4

Effect of sample preparation

When evaluating materials, how the sample is prepared has a great influence
on the testing results. Although no particular attempt has been devoted to the
investigations of influences of sample conditions on shape memory properties
so far, two studies regarding to the influences of the processing condition
and moisture content on the shape memory properties40,41 should give us the
same indications.
Shape memory properties are dependent on the special microstructure of
SMPs. Therefore the elements having effects on microstructures will definitely
influence the shape memory properties. Hu et al.41 have investigated the
influences of processing temperature on the microstructure and properties of
an SMPU. It was assumed that the processing temperature may affect the
microstructure, such as morphology, microdomain structures, and phase
separation, which determines the shape memory properties of SMPs. The
membranes were prepared by casting the solution of SMPU MS-4510 (produced
by MHI) at 70, 120, and 150 ∞C, respectively. Thermal analysis proved that
the thin films cast at higher temperatures gave rise to high crystallinity of
hard segments and more apparent phase separation. With the bending tests,
the shape recovery of the SMPs as a function of the temperature was
investigated. Figure 6.16 shows the shape recovery mainly takes place in a
temperature range around Ttrans. In addition, the sample SMP-120 (the casting
temperature was 120 ∞C) shows the best shape recovery.
Besides processing temperature, the environmental conditions can also
play import role on the shape memory properties. Yang et al.40 studied the

Characterization of shape memory properties in polymers

215

100
SMP-70
SMP-120
SMP-150

90

Ratio of recovery (%)

80
70
60
50
40
30
20
10
0
–10
–10

0

10

20

30 40
50
60
Temperature (∞C)

70

80

90

6.16 The shape recovery of SMPs as a function of temperature.

influence of water on the microstructures and shape memory properties
of SMPU MM3520 from MHI.33 It was found that the SMPU loses its
shape-fixing capability after being exposed in the air at room temperature
(about 20 ∞C) for several days. The DMA was employed to study the SMPU
samples exposed in air from 0 to 30 days. It revealed that the value of Tg of
the SMPU decreases as the exposure time increases. It was shown that Tg
decreases sharply within the first few days and then continuously decreased
but in a more gradual manner. After 30 days, Tg of the samples was almost
the same as room temperature. Hence, the deformed shape cannot be held at
room temperature if no shape constraint is imposed. It was assumed that
the changes were caused by the absorption of moisture in the air by the
SMPU samples.
To manifest the above assumption, the SMPU samples were immersed in
pure water at room temperature for different times. TGA and DSC tests were
performed on the immersed samples. It proved that with the immersion time
increased the water absorption increased and the value of Tg deduced. Through
curve fitting, Yang et al. also quantified the influence of water absorption on
the value of Tg with the following equation:
3

Tg = 37e –0.06 Fm – 0.6(1 – e – Fm )

(6.16)

where Fm was the weight fraction of moisture in SMPU samples.
In the foregoing discussion, the processing condition and the moisture
content might have great effects on the shape memory properties.
Therefore the factors should be taken into account carefully when characterizing
SMPs.
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7
Structure modeling of shape memory
polymers

The relationship between structures and properties has consistently been the
core of polymer investigation. Shape memory polymers (SMPs) are a class of
novel polymeric materials whose shape memory properties have drawn increasing attention in the technical community. As more and more polymers with
various structures, especially some amorphous polymers such as polycarbonate
(PC) and poly(methylmethacrylate) (PMMA), have been reported as showing
a shape memory effect, it is becoming impossible to determine the structural
difference between SMPs and traditional polymers. At first the general
characteristics of the structure of SMP are analyzed. The SMPs reported are
then categorized according to structural feature. Then, the traditional polymers
and SMPs are distinguished. The considerations of the molecular design of
SMPs were proposed thereby. Based on the analysis of the structure of
SMPs, the following section introduces the investigations on the relationship
between structure and shape memory effect of shape memory polyurethanes
(SMPUs). Shape memory behaviors are defined by both structure and
thermomechanical conditions. The structure–condition–property relationship
is very complicated; a well-established model may be an effective solution.
In the final section, the models for SMPs are introduced and evaluated.

7.1

Structural skeleton of SMPs

Before the detailed discussion of the structure of SMPs, it is necessary to
elucidate the molecular mechanism of shape memory effect of polymers in
order to understand the structural characteristics of SMPs in depth. As has
been well elaborated, the unique shape memory behavior refers to a
thermomechanical phenomenon in which the SMP materials can fix large
deformations and later return to their original shape, mostly under an
environmental trigger such as heat, light, or other stimulus.1–4 In this chapter,
only those thermally induced SMPs that have been extensively investigated
will be described.
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For the thermally induced SMPs, the optimal shape memory effect is
generally derived from a thermomechanical cycle consisting of being deformed
above a characteristic temperature, being cooled below the temperature for
fixing temporary shape, and being reheated to a temperature above the
temperature for shape recovery. This can be reached by using the polymeric
network chains as a kind of molecular switch.2 In fact, it can be inferred
from the literature that the polymers designed to exhibit a good thermally
induced shape memory effect, including shape recoverability and the shape
fixity, were intrinsically a class of polymer networks.1,2,5–18 In the polymer
networks, the netpoints play a role of ‘fixed structure’ that can stabilize the
network throughout the series of thermomechanical processes. Hence the
polymer materials therefore can memorize their original shape. Usually, the
network chains serve as the ‘switching segment’ for triggering the shape
memory effect. The switching segments can change the modulus of materials
by at least one or two orders of magnitude above and below its thermal
transition temperature Ttrans. At temperatures above Ttrans the network chain
segments are flexible, whereas the flexibility of the chains below this thermal
transition is limited. The polymer materials therefore can develop a large
deformation at a temperature above Ttrans and afterwards can fix a temporary
shape at a temperature below Ttrans when the external force is removed.
Since the shape memory behavior can be triggered above and below Ttrans,
in some literature the temperature was called shape recovery temperature8 or
switching temperature.2 The latter term will be adopted afterwards in the
chapter. Most often the switch temperature Ttrans is around room temperature.19
It is worth noting that most of the previous research describes the structure
of all SMPs in an inaccurate way. The SMPs are repeatedly stated as consisting
of two phases that are fixed phase (or frozen phase) and reversible phase.
The two phases are responsible for shape recovery and fixing temporary
shape. However this statement is appropriate only for some physically crosslinked SMPs, not for all kinds of SMPs. This can be clearly seen in Fig. 7.1.
It is apparently unusual to name chemical cross-links or molecular
entanglements as ‘fixed phase’. The author here would like adopt this new
statement, though it may not yet be accurate and may need to be modified.

7.2

Structural categorization of SMPs

7.2.1

Molecular switch/network chains

The network chains of the SMPs can be either crystalline or amorphous and
therefore the thermal transition for triggering shape memory behavior can be
either melting transition or glass transition. Correspondingly, SMPs can be
classified as having melting temperature (Tm) or glass transition temperature
(Tg) as Ttrans. If the thermal transition chosen for the fixing the temporary
shape is a melting point, strain-induced crystallization of the switching segment
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7.1 Schematic of structural categorization of SMPs.
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can be initiated by cooling the material which has been stretched above the
Ttrans value. The crystallites formed prevent the segments from immediately
reforming the coil-like structure and from spontaneously recovering the
permanent shape that is defined by the netpoints.7,11,15 When the thermal
transition is a glass transition, the micro-Brownian motion of the network
chains is frozen by the low temperature and the network chain segments are
in the glassy state. The polymer materials thereby cannot recover their original
shape and stay in the unequilibrium state until the micro-Brownian motion
of the network chains is activated by reheating the polymers above Ttrans.5,6,20,21
Although like the crystallites in that the glassy state can also keep the temporary
shape, the shape fixity of the SMPs having Ttrans = Tg is not as good as that
of the SMPs having Ttrans = Tm.
The switching temperature Ttrans is usually located in the room temperature
range as stated in the previous report.19 However, the switching temperature
is not yet completely certain.

7.2.2

Fixed structure/netpoints

Polymeric networks have been an extensively interested subject in studies
regarding the rubbery elasticity of polymers, polymers gels, and polymer
melts.22–25 The molecular design for polymer networks with a shape memory
effect is basically consistent with the construction of other, traditional, polymer
networks. The schematic of the classification of the existed polymer networks
with shape memory effects is shown in Fig. 7.1. Polymer networks with the
shape memory effect can be constructed with either chemical cross-links by
covalent bonds or physical cross-links by physical interactions. Sometimes
the former are called thermosetting SMPs and the latter thermoplastic SMPs.
Physically cross-linked SMPs
The physically cross-linked SMPs can be linear polymers,5–8,15,21,26 branched
polymers,21 or a polymer complex.27–30 The linear SMPs can be classified
into block copolymers and high molecular weight polymers. And
correspondingly the formation of the linear polymer networks with shape
memory effects is due to the phase segregation5–8,11,15,18 the molecular
entanglements.26 Similar to the block copolymers, some graft copolymers
also show the shape memory effect for phase separation.10
Block copolymer SMPs
The block copolymers generally are composed of two components: the flexible
soft segments and rigid hard segments. As shown in Fig. 7.2, the block
copolymer SMPs tend to segregate into at least two separated phases due to
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Soft segments hard segments

7.2 Schematic of block copolymer SMPs.

the repulsive interaction between the dissimilar segments and the
thermodynamic incompatibility of the two components. The phase showing
the highest thermal transition temperature Tperm acts as the physical netpoint
and is responsible for the permanent shape. A second phase showing the
lower thermal transition temperature serves as a molecular switch and enables
the fixation of the temporary shape.
The transition temperature Ttrans for the fixation of the molecular switch
can be either a glass transition (Tg) or a melting temperature (Tm). After
deforming the material above the switching temperature Ttrans but below
Tperm, the temporary shape can be fixed by cooling the polymer below Ttrans.
After heating the material above Ttrans again, the phase serving as the molecular
switch tends to be soft. As a result of the entropy elasticity, the material is
forced back to its permanent shape.
Block copolymer SMPs are divided into two categories according to the
thermal transition of the particular switching segments on which the shape
memory effect occurs. As already stated, through the tailored molecular
design, Ttrans of the switching segments can be either Tm or Tg. In the case of
a melting temperature, a relatively sharp transition is found in most cases,
while glass transitions always extend over a broad temperature range. Mixed
glass transition temperatures Tgmix between the glass transition of the hard
segment and the switching segment-determining blocks may occur in the
cases where there is no sufficient phase separation between the hard and soft
segments.2 Mixed glass transition temperatures can also act as switching
transitions for the thermally induced shape memory effect.
The block copolymers have the advantage of good processability. Above
the temperature Tperm the polymer melts and can be processed by conventional
processing techniques such as extrusion or injection molding. At present,
many investigations have been attempted on the development and application
of the block copolymer SMPs. Since Mitsubishi Heavy Industry Ltd (MHI)
developed SMPUs,13 much effort has be made investigating them.5–8,11,15 In
addition, polyethylene terephthalate (PET) and polyethylene oxide (PEO)
block copolymers, 12–14 polystyrene and poly(1,4-butadiene) block
copolymers,32,33 triblock copolymers composed with poly(tetrahydrofuran),
and poly(2-methyl-2-oxazoline)34 have also been found to show a shape
memory effect.
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The properties of the block copolymer SMPs are determined by the two
kinds of segments. The change of the type, composition, and length of the
segments may bring varying properties to the materials. The relationship
between the structure and properties will be discussed in Section 7.5.
High molecular weight SMPs
The linear, amorphous polynorbornene developed by the companies CdF
Chemie/Nippon Zeon in the late 1970s can show a shape memory effect.26
The molecular weight of this polynorbornene is about 3 million,35 which is
much higher than most other linear polymers. As shown in Fig. 7.3, the
shape memory polymer network is formed by the physically cross-linking of
entanglements caused by the high molecular weight linear chains. The thermal
transition for triggering shape memory effect is the transition from the glassy
state to the rubber-elastic state and the transition temperature Ttrans = Tg is
about 35–45 ∞C.
Graft copolymer SMPs
From the discussion of block copolymer SMPs, it is found that the heterogeneity
caused by phase separation can lead to the formation of polymer networks.
This may encourage researchers to develop SMPs with phase heterogeneous
polymers. Li et al.10 investigated polyethylene (PE)/Nylon-6 graft copolymers
and found the materials showed a shape memory effect. They grafted nylon6 on to the PE molecular chains with maleic anhydride through a reactive
blending process with dicumyl peroxide as the initiator. The two components
tended to thermodynamic phase separating owing to the different polarity.
The schematic of PE/nylon-6 graft copolymers is shown in Fig. 7.4.
The polyethylene crystallites act as molecular switches. The switching
temperature for triggering shape memory effect is the melting point of the

7.3 Schematic of high molecular weight SMPs.
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A
B

7.4 Polyethylene/nylon-6 graft copolymer (A, PE; B, nylon 6).

PE crystallites which is about 120 ∞C. The nylon-6 molecules segregates into
hard domains which have a high melting temperature of around 220 ∞C and
are dispersed in the semi-crystalline PE matrix. The hard domains can stabilize
the polymer network serving as physical cross-links when the temperature is
above Ttrans.
Chemically cross-linked SMPs
As shown in Fig. 7.5, in the chemically cross-linked SMPs, the netpoints are
the chemical cross-links that gather the long linear molecular chains. At
present, several kinds of SMPs, such as cross-linked polyethylene, crosslinked poly(vinyl chloride), and cross-linked PE/poly(vinyl acetate) copolymer,
have been developed by chemical cross-linking.2
It should be noted that cross-linked polymers were marketed under the
title ‘heat-shrinkable materials’ in the past because they were often used for
the production of heat-shrinkable polymers. Since the 1960s, PE that is
covalently cross-linked by means of ionizing radiation has found broad
application as heat-shrinking film or tube, especially for the insulation of
electric wires or as protection against corrosion of pipelines. However, the
mechanism of the heat-shrinking process is analogous with the thermally
induced shape memory effect. Here, the permanent shape is also fixed by
covalent cross-links and the switching process is controlled by the melting
temperature of the polyethylene crystallites. Zhu et al.36 developed crosslinked poly(e-caprolactone) and found the materials showed shape memory
effect. In addition, chemical cross-links can be introduced into the physically
cross-linked SMPs to improve the recovery stress. Hu et al.37 introduced
chemical cross-links into thermoplastic SMPUs to enhance the recovery
stress. Some thermosetting polymers with higher cross-linking density such
as cured epoxy resin17 and thermosetting polyurethane38 were found to show
shape memory effect.
Usually, the switching segments of the chemically cross-linked SMPs are
the network chains between netpoints, and the switching temperature is
dependent on the thermal transition of the network chains accordingly. The
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7.5 Schematic of chemically cross-linked SMPs.

thermal, mechanical, and shape memory properties are therefore determined
by the type, length of network chains, and the cross-linking density.
However, some researchers have recently shown a novel approach for the
construction of shape memory polymer networks. 27–30 They produced
poly(acrylic acid-co-methyl methacrylate)–cetyltrimethylammonium bromide
(P(AA-co-MMA)–C16TAB) complex30 and poly(methacrylic acid-co-methyl
methacrylate)–poly(ethylene glycol) (P(MAA-co-MMA)–PEG) complex27–29.
In the former complex, the supermolecular formation was driven by both
electrostatic interactions between charged components and hydrophobic
interactions between the polymer backbones and the surfactant alkyl
chains. Figure 7.6 shows the preparation of the polymer complex. The shape
memory properties of this complex are based on a reversible order–disorder
transition owing to the formation of crystalline aggregates among the long
alkyl chains of C16TAB in the complex. In the latter complex, the complexes
form between a chemically cross-linked copolymer of methyl methacrylate
(MMA) and methacrylic acid (P(MAA-co-MMA)), which acts as a hydrogenbond donor, and PEG, which is a hydrogen-bond acceptor. The switching
segments should be from the PEG:PAA complex phase. In the two kinds of
polymer complex, the shape recovery is reached by the chemically crosslinked P(MAA-co-MMA) and P(AA-co-MMA) networks. It was found the
polymer complex showed a good shape memory effect, and shape recovery
approached 100%.

7.3

SMPs and traditional polymers

From the foregoing discussion, it can be seen that SMPs can be developed by
constructing either chemically or physically-linked polymer networks. From
the view of the molecular conformation, the SMPs can be linear, branched, and
chemically cross-linked. This covers all the possible molecular conformations
of polymers and may puzzle readers: what is the difference between SMPs
and traditional polymers if all polymers can show shape memory effect?
Liu et al.16 pointed out in their investigation that polymers intrinsically
show shape memory effects on the basis of rubber elasticity, but with varied
shape memory performance. Therefore, showing a shape memory effect may
be a natural characteristic of polymers, but has been neglected in the past.
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7.6 Synthesis scheme of P(AA-co-MMA)–C16TAB complex.

At first, it is necessary to determine the scope of the ‘shape memory
effect’. Polymeric materials that can fix deformation without external force
and recover the original shape after a series of thermomechanical treatments
were named shape memory polymers for the characteristics they showed.5
The shape memory effect is the phenomenon of keeping a temporary shape
and recovering the original shape, and is characterized by shape fixity and
shape recovery.20 A thermally induced shape memory effect is showed in the
series of thermomechanical cyclic processes consisting of deformation, fixing,
and recovery.17,39 The shape memory effect rather results from a combination
of the polymer structure together with thermomechanical conditions.2,39 Up
to now, shape memory effect under varying conditions has been observed.
There is no reason to exclude the shape fixing and shape recovery occurring
under any condition from the term ‘shape memory effect’, at least up to now.
In addition, there is no convincing reason to define ‘shape memory effect’ in
a quantitative manner, and reject some low-extent shape fixity as shape
recovery from the scope of ‘shape memory effect’ because this may be
similar to the case of defining some mechanical properties by limiting some
physical quantity to a range. To the author’s knowledge, there is no such
quantitative limit for ‘shape memory effect’. In this sense it seems to be
reasonable to consider that any extent of shape fixing and shape recovery
occurring under any conditions is shape memory effect.
Consequently the possibility of shape fixing and shape recovery occurring
to all polymers at the molecular level is considered here. Lendlein and Langer40
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pointed out that polymers designed to exhibit a thermally induced shape
memory effect in general required two components at the molecular level:
cross-links to determine the permanent shape and switching segments with
Ttrans to fix the temporary shape. In fact, it can be expected that it is possible
to settle a polymer at least partly to a deformation by choosing the appropriate
thermomechanical condition since the micro-Brownian motion of the
molecular segments can be frozen if the polymer is cooled to a sufficiently
low temperature. All polymers show viscoelasticity in nature.41 If one deformed
polymer is cooled to a frozen state, the elasticity generated in the deformation
can mostly be preserved. When the material is reheated to a high temperature
under which the micro-Brownian motion is activated, the stress stored will
be released and the material is driven to return at least partially to its original.
Therefore under proper conditions all polymers, even those that form no
apparent permanent network, may still tend to exhibit more or less shape
fixity and shape recovery, that is, shape memory effect. The following fact
can serve as the evidence for our declaration. From the principle of polymer
physics,41 when a linear polymer is stretched under its glass transition
temperature Tg (so-called ‘cold drawing’), it can develop enforced elastic
deformation which can be partly preserved after removing the external force.
When heated above Tg, the material can partially recover its original shape.
This is coincident with the shape memory process described previously2,8
and can be seen as a particular example of shape memory behavior.
Lendlein and Kelch2 suggested that an elastomer would exhibit a shape
memory functionality if the material could be stabilized in the deformed
state. This stresses the importance of the formation of polymer network. As
been mentioned previously, the polymer network can be chemically crosslinked or physically cross-linked. The physical cross-links may be strong
interactions, such as lamellar microcrystals, glassy nodules, double helices,
and weak interactions, such as hydrogen bonds, block copolymer micelles,
ionic associations, entanglements, and so forth.
It would be logical that if a part of the above polymer networks is superior
to others in showing the shape memory effect, this will be due to their
structural differences, even if these have not been described. Those polymer
networks able to show an apparent shape memory effect can be SMP candidates,
though the limit for ‘apparent shape memory effect’ is as yet uncertain. This
dilemma is caused by the lack of investigations on the applications of SMPs
and the absence of data to compare the shape memory properties of SMPs.
Therefore it seems that currently the technical community has to accept an
ambiguous concept of SMPs. Furthermore, from the view of application,
SMPs are often needed to show shape memory effect (in the temperature
range –30–70 ∞C (as suggested by Hayashi et al.19) The relationship between
SMPs and polymers is shown in Fig. 7.7.
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7.7 Relationship between SMPs and traditional polymers.

7.4

Considerations for molecular design of SMPs

From the foregoing discussion of the structure of SMPs, some features in
common may be sound. In short, the following criteria may be essential for
the molecular design of SMPs:
∑
∑
∑
∑

7.5

formation of polymer network;
thermal transition of network chains usually at a temperature around
room temperature or matching some particular applications;
appropriate extent of cross-linking density;
large ratio of the modulus above Ttrans and the modulus below Ttrans.
Kusy and Whitley42 considered that the main feature of SMPs was
‘elasticity memory’, i.e. the capability of reversibly changing elastic
modulus over orders of magnitude within a few degrees of the glass
transition temperature.19

Relationship between structure and property of
SMPUs

There have been a few investigations on the structure and properties of
SMPs. However, the SMPs were evaluated in different ways and the shape
memory properties of the SMPs cannot be compared. Here, the focus is on
the relationship between structure and properties of SMPUs that have been
well investigated.
Since MHI developed SMPUs with some segmental polyurethanes
(S-PUs), more and more S-PUs have been proved to show shape memory
effects.5–8,11,15,21 S-PUs are composed of a flexible soft segment and a rigid
hard segment. The former was based on the aliphatic polydiol, and the latter
on the aromatic diisocyanate and the chain extender that was diol with a low
molecular weight. Repulsion between the dissimilar segments and the
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thermodynamic incompatibility led to the phase separation and formed the
hard and soft segment domains. The morphology of these domains affected
the mechanical and thermal properties of the S-PUs. In the SMPUs, the hard
segment domains (known as fixed phase in copolymer SMPs) play the role
of netpoints, while the soft segment phase (often known as reversible phase)
serves as the switching segments. According to the type of switching
temperature Ttrans, the SMPUs can be classified into SMPUs with Ttrans = Tm
and Ttrans = Tg whose soft segments were crystalline and amorphous,
respectively.

7.5.1

Ttrans = Tm

For the SMPUs with Ttrans = Tm, the switching transition is indeed the melting
transition of the crystalline switching segments. Therefore Ttrans is usually
slightly lower than the melting transition temperature Tm of pure switching
segments.
Kim and Lee8 synthesized polyester-based S-PUs with a hard segmentdetermining block of methylene bis(4-phenylisocyanate) (MDI) and 1,4butanediol (BDO) by using the pre-polymer method. The S-PUs were prepared
with poly(caprolactone)diols (PCL) with a number-average molecular weights
(Mn) of 2000, 4000, and 8000 as the soft segments. The highest thermal
transition Tperm corresponding to the melting temperature of the hard segmentdetermining blocks is found in the range between 200 and 240 ∞C. The
switching temperature for the shape memory effect can vary between 44 and
55 ∞C depending on the weight fraction of the switching segments (variation
between 50 and 90 wt%) and the molecular weight of the used PCL. The
crystallinity of the switching segment blocks becomes higher as the weight
fraction and the molecular weight of the PCL used increase.
The shape memory effect of the SMPUs was investigated with
thermomechanical cyclic tests. The experimental results are summarized in
Table 7.1 where HSC represents hard segment content; em is the strain applied
on samples in the thermomechanical cyclic tests; Rr(N) and Rf(N) are designated
as the shape recovery and shape fixity obtained in the Nth cyclic tests. As
Kim and Lee reported, when the soft segment content (SSC) of the PCL2000-based PUs increased from 55% to 80% (HSC decreased from 45% to
20%), the shape fixity significantly increased from below 60% to above
90%, accompanied by the decrease of shape recovery from 70% to below
30%. The increase of shape fixity with increasing SSC is caused by the
increased soft segment crystallization. The PUs recovered their original shape
via a mechanism similar to the entropy elasticity of cross-linked rubbers. In
linear PUs, the hard segments act as effective cross-links. Therefore, with
the decrease of HSC, elastic recoil should decrease and give rise to the
decrease of shape recovery. In the case of the PCL-8000-based PUs, as the
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Table 7.1 Dependence of the strain recovery rate (Rr) and strain fixity rate (Rf)8
Soft segments

HSC (%)

em (%)

Rr (1)(%)

Rr (4)(%)

Rf (1)(%)

Rf (4)(%)

PCL-2000
PCL-2000
PCL-2000
PCL-4000
PCL-4000
PCL-4000
PCL-8000
PCL-8000
PCL-8000

20
30
45
30
30
30
20
30
45

200
200
200
100
200
600
200
200
200

32
48
73
78
82
75
86
79
62

15
20
65
75
73
60
83
70
52

94
95
58
92
92
85
98
97
88

100
98
60
95
95
90
100
98
90

SSC increased, the shape fixity significantly increased from about 90% to
over 99%. In contrast, the shape recovery increased with the decrease of
HSC. Kim and Lee claimed that the increased shape recovery resulted from
the increased rubbery state modulus which was achieved by the increased
soft segment molecular weight.
Li et al.11 also prepared a similar set of PCL-based segmented PUs. They
conducted a stretching and recovering test on a microscope equipped with a
hot stage to examine the shape memory properties of the PUs. The experimental
results are shown in Table 7.2. Here, Tr represents the recovery temperature
which was defined as the temperature corresponding to half of the final
recovery rate and V is the recovery speed as introduced in Chapter 6. It was
found that PUs formed from high molecular weight PCL and high HSC gave
rise to the best shape memory properties. Moreover, the decisive factors that
influence the recovery properties are the formation and stability of the hard
segment domains, especially in the temperature range above the melting
temperature of the soft segments. Above a lower limit of the HSC of 10 wt%,
the hard segment domains are no longer sufficient to act as physical crosslinks, resulting in low shape recovery.
Lee and co-workers15 prepared a set of S-PUs with poly(tetramethylene
glycol) (PTMG) having a molecular weight of 1800 as soft segments, and
investigated the structure and properties of the PUs. DSC tests revealed that
the PUs showed peaks at about 25 and 200 ∞C.The peaks were considered
from the transition of soft segments and hard segments. From the constant
position of the endotherm peaks, it is judged that the transition at 25 ∞C
corresponds to melting transition of soft segments. However in other parts of
the paper, the authors designated the transition as ‘Tg’, which is usually
denoted as glass transition. This is probably due to a typographical error, and
the PUs should have Ttrans = Tm. The dependence of shape recovery and
shape fixity on composition of the PUs is shown in Table 7.3. HSC, shape
recovery, and shape fixity all increased. Lee claimed that the PUs having
20%, 25%, and 50% HSC showed no shape recovery.
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Table 7.2 Dependence of the strain recovery rate after the first cycle11
Soft segments

HSC (%)

em (%)

Tr (∞C)

Rr (%)

V (min–1)

PCL-1600
PCL-4000
PCL-5000
PCL-5000
PCL-5000
PCL-7000
PCL-7000
PCL-7000
PCL-7000

36.8
19.0
10.6
15.7
20.3
7.8
11.7
15.4
18.7

173
181
177
176
180
179
176
178
181

38.0
43.0
54.3
43.7
43.0
51.8
48.6
47.3
45.7

22.2
97.7
50.1
96.0
98.4
60.0
93.3
94.9
97.9

0.02
0.44
0.11
0.99
1.13
0.15
0.38
0.47
0.61

Table 7.3 Dependence of the strain recovery rate (Rr) and strain fixity rate (Rf)15
Soft segments

HSC (%)

em (%)

Rr (%)

Rf (%)

PTMG-1800
PTMG-1800
PTMG-1800
PTMG-1800
PTMG-1800
PTMG-1800
PTMG-1800

20
25
30
35
40
45
50

50
50
50
50
50
50
50

–
–
82
90
92
95
–

–
–
90
91
92
93
–

The SME of S-PUs is directly dependent on the morphological structure,
including phase composition and micro-domain distribution, phase separation
and phase mixing, and so on. However, the above investigations all concentrated
on the influences of block length and content on SME. Hence, it seems
difficult to see the relationship between structure and SME. In fact, the phase
segregation may change greatly with the change of the species of soft and
hard segment. The results obtained from the above investigations are
unsatisfactory for anyone who wants to get a general profile of the relationship
between structure and SME.
In order to further study the relationship, a series of S-PUs were synthesized
by the author with varying HSC containing PCL of molecular weight 4000
as the soft segments and MDI/BDO as the hard segments. As shown in Fig.
7.8, the DSC tests prove that all the segmented PUs contain at least two
phases. According to previous reports,8 the endotherm around 40–50 ∞C
corresponds to the melting of the crystals formed by soft segments of PCL4000, while the one in the vicinity of 200 ∞C pertains to the melting of the
hard micro-domains. The melting temperatures of soft segment-rich phase of
the PUs are slightly lower than that of the pure PCL-4000. Moreover, both
the melting temperatures and the heat of fusion reduce gradually as the HSC
increases, giving rise to the decreased crystallinity. The DSC tests at a speed
of 10 ∞C/min prove that there are hard micro-domains formed in the PUs
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7.8 DSC tests at scanning speed of 10 ∞C/min.

with over 30% HSC. At the same time, a set of DSC tests with a higher
scanning rate of 50 ∞C/min proved that the PU with 25% HSC also has hard
micro-domains whereas the PUs with lower HSC possess no hard microdomains.
The DSC tests reveal that in the PUs with low HSC the hard segments are
miscible in the soft segment matrix. The PUs with 15% and 20% HSC
primarily consist of soft segment-rich phase. As the HSC reaches up to 25%
the microphase separation takes place and the hard segment micro-domains
emerge. Above this content, the PUs possess both a soft segment-rich phase
and a hard segment-rich phase.
The morphology of the SMPUs at Thigh has also been studied by SAXS.
The SAXS tests are conducted under high temperature, unlike those conducted
at room temperature. It is found, as shown in Fig. 7.9, that the samples PU15, PU-20, PU-25, and PU-30 all show phase separation to a greater or lesser
extent, that is, the four PUs all have hard micro-domains. This deviates from
the DSC results. Perhaps it is because the SAXS technique is more sensitive
than DSC. In addition, the extent of phase separation is enhanced with
increasing HSC.
The TMA tests of the segmented PUs are shown in Fig. 7.10. It is found
that the polymers from PU-15 to PU-40 all exhibit softening transitions
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7.9 SAXS profiles of SMPUs with HSC from 15% to 30%.
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7.10 TMA tests of the segmented polyurethanes.

around 40–50 ∞C and in the range 140–200 ∞C. According to the DSC results,
the transitions occur in the low-temperature and high-temperature zones
representing the softening of the soft segment phase and the hard segment
phase, respectively. In contrast, PU-45 and PU-50 show high-temperature
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softening transition but no low-temperature softening transition. It is
evident that the hard segment micro-domains change from discrete to concrete
state in the HSC range between 40 and 45%. In PU-45 and PU-50 the hard
micro-domains interconnect and form rigid frameworks that prevent the
softening of the polymer when the soft segment phase melts. TMA studies
show that in the PUs with no more than 40% HSC the hard segments
disperse in the soft segment matrix as isolated hard micro-domains. As the
HSC increases to 45%, interconnecting of the hard micro-domains occurs.
This means that in the PUs with HSC ranging from 25% to 40%, the hard
micro-domains discretely exist in the soft segment matrix as fillers. Above
45% HSC, the hard micro-domains interconnect with each other and form a
rigid network.
The shape memory effects of the PUs were examined through a series of
thermomechanical cyclic tensile tests.39 Since the cooling speed can greatly
affect the shape memory effect, the tests were conducted with cooling
immediately or 20 min after the end of loading in each cycle. Figure 7.11
shows that, in the case of immediate cooling, the recovery ratios are all
slightly over 90% in the HSC range 25–40% whereas when the HSC is over
40% the recovery ratios dramatically decrease. It is obvious that in the PUs
with an interconnecting hard segment phase the rigid frameworks formed by
hard micro-domains can be torn and broken in deformation, resulting in
lower shape recovery. However if the pseudo-networks undergo stress
relaxation, the recovery ratios are decreased. From the measurement of
relaxation time it is found that the relaxation time increases with the enhancing
HSC. Therefore, in the case of slow cooling, the recovery ratios of the PUs
with low HSC decrease greatly.
In particular, the recovery ratios dramatically decrease when the hard
micro-domains change from isolating to interconnecting. If the deformed
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7.11 Effect of HSC on shape recovery.
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sample is kept at the loading temperature for a certain time before being
cooled to fix, the recovery ratios of all the PUs are lowered. However, the
PUs with isolated hard segment micro-domains exhibit the best shape recovery.
The PUs with no apparent micro-domain show good shape recovery if the
temporary shape is fixed rapidly, whereas the recovery ratios reduce greatly
if the deformed PUs are not cooled to a low temperature.
From Fig. 7.12, it can be seen that with HSC increase, the shape fixity
decreases gradually. This is due to the decreases of crystallinity of the soft
segment phase with the increase of HSC. Compared with the shape memory
effect test conducted with immediate cooling, the test conducted with cooling
after 20 min gives rise to lower recovery ratios and slight higher fixity ratios.
This means that the cooling speed obviously influences the shape recovery
and has little effect on shape fixity. The crystallinity of the soft segment-rich
phase decreases with enhanced HSC, which lead to the decrease of fixity.
Stabilization of the hard segment micro-domain in the deformation state
determines the shape memory effect. Jeong et al.43 attempted to improve the
shape memory effect through introducing mesogenic moiety into hard segments.
In the case of the incorporation of mesogenic diols such as 4,4¢-bis(2hydroxyethoxy)biphenyl (BEBP) or 4,4¢-bis(2-hydroxyhexoxy) biphenyl
(BHBP) (Fig. 7.13) into the hard segments based on MDI, an increased
solubility of these blocks in the switching segment made of PCL (Mn =
4000) is observed. As a consequence, a mixed Tg value of the hard segments
and the formation of the soft segment phase occurs. The strain-induced
fixation observed is attributed to crystallization of the switching segment
blocks. An increase in the strain fixity rate of more than 20% is observed in
the case of the polymers with added BEBP with an SSC increasing from 60
to 80 wt% and a strain em value of 100%. Materials with added BHBP show
an increase in the strain fixity rate of 5–10% with a strain em of 100–300%.
Table 7.4 shows an overview of the shape memory effect.
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7.12 Effect of HSC on shape fixity.
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7.13 Schematic of BEBP and BHBP.
Table 7.4 Dependence of the strain recovery rate (Rr) and strain fixity
rate Rf
Additive

SSC

em

Rr (%)

Rf (%)

BEBP
BEBP
BEBP
BHBP
BHBP
BHBP
BHBP
BHBP
BHBP

80
71
57
80
70
59
80
70
59

100
100
100
100
100
100
300
300
300

80
80
85
85
80
85
68
73
63

98
95
75
85
80
80
95
90
85

To prompt the micro-domain segregation of hard segments, Yang et al.
replaced MDI with 1,6-diphenyldiisocyanate (PDI).44 It was supposed that
PDI’s planar shape could be advantageous to MDI’s bent form in getting
tighter interactions among hard segments, as shown in Fig. 7.14. It was
proved that PDI-based PUs showed better shape recovery than MDI-based
one by ca. 10% for the entire range of HSC.

7.5.2

Ttrans = Tg

Although there have been some investigations5–7,15,21,42,45–47 the structure–
property relationship of the SMPUs with Ttrans = Tg is not yet very clear.
A requirement for a glass transition acting as the switching transition is that
it should take place within a narrow temperature range and be above the
usual operating temperature of this material.2 In the case of an almost complete
phase separation, the glass transitions used as the switching transition can
originate from the pure switching-segment blocks. In the case of less separated
phases, which can typically be found for short switching-segment blocks, a
mixed Tg value from the glass transition temperatures of the hard segment
and the switching-segment phase can occur. This mixed Tg value can be
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7.14 Conformation of PDI- and MDI-based hard segments.

found between the glass transition temperatures of the pure hard segments
and switching segments.
Lin and Chen5,6 employed poly(tetrahydrofuran) glycol (PTMG) with
number-average molecular weights of 250 and 650 as switching segments
and MDI/BDO as the hard segments to prepare a set of S-PUs by using the
pre-polymer method. For the S-PUs, the mixed Tg of hard and switching
segments served as the switching-transition temperature Ttrans. The S-PUs
containing a switching segment with a molecular weight of Mn = 250 exhibited
a Tg value in the range between 16 and 54 ∞C, depending on the HSC
(between 57 and 95 wt%), a Tg value between –13 and 38 ∞C for a switching
segment with a molecular weight Mn = 650 (between 32 and 87 wt%), and
a Tg value between –36 and 22 ∞C for a switching segment with a molecular
weight of Mn = 1000 (HSC between 23 and 81 wt%). Here, the Tg values of
the PTMG blocks are also dependent on the HSC because the hard segments
restrict the mobility of the switching-segment chains. Commonly, the Tg
value increases with the increase of HSC.
The shape memory effect is determined by means of a bending test as
described in the Chapter 6. In the course of the bending test, the sample is
bent at a certain angle qi at 80 ∞C and kept in this deformation. The deformed
sample is quickly cooled to –20 ∞C and the external force is released. Finally,
the sample is brought to the test temperature and its recovery to the original
angle is recorded. The deformation recovery rate is therefore calculated. It
was found that higher HSC gave rise to higher or even complete shape
recovery. However the recovery speed decreased with increasing HSC. For
example, the PTMG-250-based S-PU having an HSC of 57 wt% could rapidly
recover the deformation but could not recover its original shape. In contrast,
the material could almost completely recover its original shape at a slower
speed as HSC increased to 75 wt%. Complete recovery of materials prepared
from a switching segment with Mn = 650 is reached only for an HSC of 87%
and higher. In the plot of the shape recovery against the temperature, an
increase in the switching temperature with increasing HSC was found, as
expected. The block copolymers with high amounts of hard segments (between
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67 and 95 wt%) show almost complete recovery, independent of the molecular
weight of poly(tetrahydrofurans). The deformation recovery rate is higher
with decreasing molecular weight of the switching segment.
Takahashi et al.21 prepared a set of S-PUs with poly(ethylene adipate)
diol (PEA) having number-average molecular weights of 300, 600, and 1000
as switching segments and MDI/BDO as the hard segments. The Tg obtained
with switching-segment blocks with weight average molecular weights of
300, 600, and 1000 at a constant HSC of 75 mol% decreased from 48 to
–5 ∞C with increasing molecular weight of the PEA diols used. The Tg value
of the switching-segment phase in a block copolymer prepared from PEA
diol with a molecular weight Mw = 600 increased from 0.3 to 35 ∞C as the
HSC increased (from 75 to 90 mol%). However, the tests of the shape memory
properties of the S-PUs were not given.
Since the 1980s MHI has marketed shap-memory polymers that are triggered
by means of a glass transition temperature. Hayashi and co-workers20 have
described PU systems with shape memory properties that exhibit a glass
transition temperature in the range between –30 and 30 ∞C and discussed
their application as auto chokes or thermosensitive switching valves.2 However
the detailed structural information of the SMPUs is unknown. The shape
memory effect results from thermomechanical cyclic tensile tests with
maximum elongations em of 50 and 100% for two materials differing in
modulus above their Tg values of 45 ∞C were reported:2 one material with
polyester switching blocks and a relatively high modulus and another material
with polyether switching blocks with a low modulus. The shape memory
effect of the materials is given in Table 7.5.

7.6

Modeling of SMPs

As mentioned above, shape memory behavior is dependent on both the structure
and the thermomechanical conditions. In the other words, shape memory
behavior is determined by many elements. Establishing appropriate models
to simulate the shape memory processes and therefore to predict the shape
memory properties should be helpful for the development and application of
SMPs. Some attempts have been made to model SMPs.48–54 The current
models for SMPs have all been established on the basis of viscoelasticity of
Table 7.5 Strain recovery rate after the first and fourth cycles46
Switching segment

em (%)

Rr(1) (%)

Rr(4) (%)

Polyester
Polyester
Polyether
Polyether

50
100
50
100

80
85
85
90

70
80
75
85
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polymers. In the other words, the shape memory behaviors of the SMPs are
ascribed to the changes of viscoelastic properties.

7.6.1

J. R. Lin model

As the foregoing demonstrated, thermal plastic SMPs consist of the thermal
reversible phase, which is in charge of fixing some temporary shape, and the
fixed phase, which is responsible for shape recovery. The transition temperature
of the thermal reversible phase is lower than that of the fixed phase. Therefore
the two components change in different ways as temperature increases or
decreases, which results in the shape memory phenomenon. Lin and Chen52,53
established a model based on the Bonart model.
As Fig. 7.15 shows, the authors employed two Maxwell models connected
in parallel to describe the shape memory properties of some SMPUs. In the
model, the left side represents the fixed phase of the SMPUs and the right
side is designated as the reversible phase. The subscript ‘f’ and ‘r’ represent
fixed phase and reversible phase, respectively. E and h are designated as the
modulus of the spring units and viscosity of the dashpot units, respectively.
e ¢ and e ≤ are denoted as the deformation strain of the spring and dashpot,
respectively. The changes of the model in a whole cycle of shape memory
processes are shown in Fig. 7.16.
The moving equations of the model can be deduced as follows. At first,
the model is elongated to some strain e0 at a high temperature (Thigh, Ttrans<Thigh
= 80 ∞C < Tperm). The model is maintained with deformation e0 at Thigh,
which corresponds to state (b) in Fig. 7.16. According to the viscoelasticity
of polymers, modulus E and stress s are related to time t and temperature T.
E(t, T) and s (t, T) can be expressed as:

t ˙
t ˙
E(t, T ) = Ef (T) ¥ exp Í –
+ Er(T) ¥ exp Í –
(7.1)
ÍÎ t f ( T ) ˚˙
ÎÍ t f ( T ) ˚˙

E f , e f¢

h f , e f¢¢

E r , e r¢

hr , e r¢¢

7.15 J.R. Lin shape memory model.
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Keeping
and
cooling
to Tlow

Heating
and
deforming
at Thigh

Heating
for
recovery

Releasing
external
force at
Tlow

(e)
(d)

(b)

(c)

7.16 Changes of the model in the shape memory processes.

t
t
s ( t , T ) = e 0 ¥ ÏÌ E f ( T ) ¥ exp Í – t ( T ) ˙ + E r ( T ) ¥ exp Í – t ( T ) ˙ ¸˝ (7.2)
ÍÎ
ÍÎ
f
f
˚˙ ˛
˚˙
Ó
where tf and tr are the relaxation time of fixed phase and reversible phase
h
h
and given by t f = f and t r = r , respectively. The deformation strain of
Ef
Er
the units in the model can be expressed as:
t
e f¢ ( t , T ) = e 0 ¥ exp È – t ( T ) ˘
f
ÎÍ
˚˙

(7.3)

t
e f¢¢( t , T ) = e 0 ¥ ÏÌ1 – exp È – t ( T ) ˘ ¸˝
Í
f
˚˙ ˛
Î
Ó

(7.4)

t
e r¢ ( t , T ) = e 0 ¥ exp È – t ( T ) ˘
ÍÎ
˙˚
r

(7.5)

t
e r¢¢( t , T ) = e 0 ¥ ÏÌ1 – exp È – t ( T ) ˘ ¸˝
ÍÎ
r
˚˙ ˛
Ó

(7.6)

At temperature Thigh, the viscosity of reversible phase is very low. Therefore
after a sufficiently long time t•, the model tends to a steady state and e r¢¢ is
approximately equal to e0. At this stage, the mechanical response involved
only the deformed spring and dashpot of the fixed phase’s Maxwell model
and the deformed dashpot of the reversible phase’s Maxwell model. Therefore
at t•, the following relations exist:

e 0 = e f¢ + e f¢¢ = e r¢¢

(7.7)

After the external force is removed, the model can fix the temporary
shape. At this time,

sf + sr = 0

(7.8)
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where sf, sr represent the values of the stress of the fixed phase and reversible
phase, respectively. It is assumed that the springs and dashpots obey
Hook’s law and Newton’s law, respectively. Then equation (7.8) can be
expressed as:

E f ¥ e f¢ + h r ( T2 ) ¥

de r¢¢
=0
dt

or
E ¥ e f¢
de r¢¢
= – f
h r ( T2 )
dt

(7.9)

Lin investigated the stress relaxation of the cross-linked SMPUs under a
different temperature. It was found that the stress tended to some value after
a relaxation time. So it is reasonably assumed that the viscosity of the fixed
phase in the model hr is infinitely large in the whole shape memory processes.
The fixed phase can be simply considered as a spring. Hence the formulas
(7.1) to (7.4) can be simplified as:

t ˘
E ( t , T ) = E f ( T ) + E r ( T ) ¥ exp È –
ÍÎ t f ( T ) ˙˚

(7.10)

t
s ( t , T ) = e 0 ¥ ÏÌ E f ( T ) + E r ( T ) ¥ exp È – t ( T ) ˘ ¸˝
ÍÎ
f
˚˙ ˛
Ó

(7.11)

e f¢ ( t , T ) = e 0

(7.12)

e f¢¢( t , T ) = 0

(7.13)

Although the authors do not point this out clearly, the model is actually
simplified into a spring and a dashpot connected in parallel, that is, a Voigt–
Kelvin model, which is shown in Fig. 7.17. In addition, since the modulus of
the fixed phase changes little in the shape memory processes, Ef can be
considered as a constant. Hence equation (7.9) can be revised as:

E f, e

hr, e

7.17 A simplified J. R. Lin shape memory model.
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E f ¥ e + h r ( T2 ) ¥ de = 0
dt
or

de = – E f ¥ e
h r ( T2 )
dt

(7.14)

According to the famous Williams–Landels–Ferry (WLF) equation, the
viscosity of the dashpot in Fig. 7.17 can be calculated as:

h r ( T ) = exp –

C1 ¥ ( T – Tg )
¥ h r ( Tg )
( C2 + T – Tg )

(7.15)

If the heating rate in the recovery process is a and the temperature can be
expressed as T = T2 + a t, equation (7.14) can be revised into:
E f ¥ dT
de = –
(7.16)
e
a ¥ h r ( T ) ¥ exp{[– C1 ¥ ( T – Tg )]/( C2 + T – Tg )}

The relationship between the strain and temperature e = e(T) can be obtained
by solving the differential equation. Figure 7.18 shows the comparison of the
experimental result and the prediction from the model of one cross-linked
SMPU.
The modeling results and experimental results show the same tendency,
that is, at low temperature the recovery is low. After being heated above
some temperature range the shape recovery increase greatly. Then shape
recovery tends to a constant value when the temperature increases future.
Except for any coincidence, some deviation can be observed between the
experimental data and the modeling results. Lin and Chen ascribed the
difference to the polydispersed Tg of the studied samples.
100

Recoverable ratio (%)

90
80
70
60
50
40
30
20
10
0
–10 –10 0

10 20 30 40 50 60 70 80
Temperature (∞C)

7.18 Comparison of the shape memory behavior between the model
(solid line) and the experimental data (dotted line).
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Employing two Maxwell models to represent the reversible phase and
fixed phase is the major merit of J. R. Lin model. The model can qualitatively
well explain the occurrence of shape memory behaviors. Below the transition
temperature Ttrans the molecular motion of the reversible phase is frozen,
while above Ttrans the molecular motion of the reversible phase is activated.
From the model, it is easy to understand the functions of the reversible phase
and fixed phase. That is, the reversible phase is to fix the temporary deformation
and the fixed phase is responsible for shape recovery. It should be suitable
for the chemically cross-linked SMPUs. But whether it is suitable for physically
cross-linked SMPUs is still uncertain.

7.6.2

H. Tobushi model

Compared with the J. R. Lin model, the H. Tobushi model takes irreversible
deformation into account.48–50 Tobushi and co-workers added a friction
slider (friction unit) into the standard linear viscoelastic (SLV) model to
simulate the shape memory behaviors of SMPUs. As shown in Fig. 7.19, the
strain of the friction is es. Tobushi and co-workers carried out a series of
creep tests on SMPUs at different temperatures. It was found that every
temperature corresponded to a particular threshold deformation strain eL(T).47
When the deformation amplitude was below eL(T), there was no irreversible
deformation. But if the deformation amplitude increased over eL(T), the
irreversible deformation increased linearly. Hence the friction unit was
introduced to describe this characteristic of SMPUs. The motion property of
the friction unit can be expressed as follows:
Ï0
Ô
e s ( t , T ) = Ì C ( T )[ e c ( t ) – e L ( T )]
Ô
Ó e s ( t1 , T )

e c ( t1 ) < e L ( T )
e c ( t1 ) ≥ e L ( T ), e˙ c ( t1 ) > 0
e˙ c ( t1 ) £ 0

es
h

E1

E2

s

7.19 H. Tobushi shape memory model.

(7.17)
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where es(t, T) denotes irreversible deformation and C(T) is a constant coefficient.
The authors also employed another simple expression in one of their studies:49

e s = S ec

(7.18)

where S is a constant similar to C(T). After modification, the moving equation
of the SLV model is given by:

e – es
˙
e˙ = s + s –
E m
l

(7.19)

In the shape memory processes, the temperature change would inevitably
cause the thermal expansion. If the coefficient of thermal expansion a was
independent of deformation, equation (7.19) could be revised into:

e – es
˙
e˙ = s + s –
+ aT˙
E m
l

(7.20)

The SMPs can develop a large deformation and recover their original shape,
and the SLV model is unsuitable in cases of large deformation. Therefore the
authors revised the linear model into a non-linear one by introducing power
terms into equation (7.19). The moving equation could be expressed as:

s – s y ˆ m –1 s˙ s
˙
s – 1ˆ n e – e s
T˙
e˙ = s + m Ê
+
+ 1 ÊË
¯ – l + a (7.21)
Ë
m b sc
E
k
k ¯
where sy and sc denote proportional limits of stress in the time-independent
term and the viscous term, respectively, and correspond to yield stress and
creep limit.
To solve equation (7.19) or (7.20), it is necessary to determine the parameters
E, m, l, a, C, and eL containing in the equations. Tobushi and co-workers
investigated the relationship dependency of the modulus on temperature
(Fig. 7.20). They found a temperature range around Tg(Tg – Tw < T < Tg + Tw)
in which log E is linearly proportional to T/Tg. Therefore in the temperature
range, the modulus can be expressed as:

T
log E – log E g = a Ê g – 1ˆ
Ë T
¯
or
È T
˘
E = E g exp Í a Ê g – 1ˆ ˙
Ë
¯
T
Î
˚

(7.22)

In the same manner, the other parameters including m, l, k, sy, sc, C and eL
were also expressed by an exponential function of temperature T:
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E (log scale)

Tg
Ef
a
Eg

1

Eh
Tg/(Tg + Tw)

1
Tg / T

Tg/(Tg – Tw)

7.20 Relationship between modulus and temperature of SMPUs.
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3
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Strain (%)

20

25

7.21 Comparison of experimental data and the simulation by
H. Tobushi model. The numbers represent steps in the
thermomechanical cyclic tests.

È T
˘
x = x g exp Í a Ê g – 1ˆ ˙
¯˚
Î Ë T

(7.23)

Therefore, the parameters E(T), m(T), l(T), k(T), sy(T), sc(T), C(T), sL(T)
and so on in the temperature range Tg – Tw < T < Tg + Tw could be calculated
if the parameters at Tg were measured. Then the differential equations could
be solved.
The authors employed the model to simulate the stress–strain–temperature
relationship in the whole shape memory processes. Figure 7.21 shows the
comparison of experimental data and the simulation by the H. Tobushi model.
It was found that the theoretical simulation agreed well with the experimental
results.
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The merits of the H. Tobushi model lie in two aspects. First, it considers
the changes of modulus, viscosity, stress relaxation time, and other parameters
around the glass transition temperature. In fact, it is the dependency of the
parameters on temperature that cause the shape memory behavior. Second,
the model takes into account the irreversible deformation and introduces a
slip element to model the irreversible deformation. However, one of the
major objectives of SMP modeling is the assistance for development and
application of SMPs. This model was not tightly related to the structures of
SMPs. Moreover, this model involved many parameter measurements. In the
other words, if one wanted to predict the shape memory performance of
some SMPs, too many parameters have to be measured in advance. The
deformation amplitude investigated in the studies was less than 20%, whereas,
compared with the shape memory alloys, the chief advantage of SMPs is
their large recoverable strain. The validity of the model for large deformation
amplitude needs to be tested. Therefore the practical application of this
model is doubtful.

7.6.3

F. K. Li model

Li and Larock51 ascribed the shape memory behaviors to the viscoelastic
properties of polymers. They employed the following model to explain the
shape memory behaviors of the SMPUs. Li and Larock have not given a
sketch of the model, but Fig. 7.22 is given so that readers can understand the
model.
The total deformation eT of polymers consists of three parts, which is
given by:
E t ˘
È
e T = e 1 + e 2 + e 3 = s + s Í1 – exp Ê – 2 ˆ ˙ + ts
E1
E2 Î
Ë h2 ¯ ˚ h3

(7.24)

where e1 is the elastic deformation which is caused by the change of length
or angle of covalent bonds. This deformation complies with Hook’s law and
can be recovered transiently after removing the external force. e2 denotes the
viscoelastic deformation which is caused by the micro-Brownian motion of
E2
E1
s
h3
h2

7.22 F. K. Li shape memory model.
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molecular segments. The deformation obeys the viscoelastic principles and
can be recovered gradually after removing external force. e3 corresponds to
the plastic deformation which is caused by the slippage between
macromolecules. It is not possible for the deformation to be recovered forever
and it remains as residual irreversible deformation. In this model it was
assumed that the plastic deformation complied with Newton’s law.
For SMPUs, the deformation usually takes place in their viscoelastic state
when the non-elastic deformation plays a much more important role than
elastic deformation. In addition, the shape recovery of SMPUs is usually
complete and approaches 100%. Hence irreversible deformation or plastic
deformation can be neglected. Equation (7.24) can therefore be revised to:

E t ˘
È
1
e T = s Í1 – exp Ê – 2 ˆ ˙ = s ÈÍ1 – exp ÊË – ˆ¯ ˘˙
E2 Î
Ë h 2 ¯ ˚ E2 Î
t ˚

(7.25)

where t = E2/h is the relaxation time of the SMPU studied. The relaxation
time of the polymers is always polydispersed since the composition of polymers
is often complicated and multiply dispersed. One relaxation time is not
enough to describe the SMPUs. Hereby formula (7.25) is further modified
into:
n
t
e T = S e i ( • ) ÈÍ1 – exp ÊË – t ˆ¯ ˘˙
i =1
i ˚
Î

(7.26)

Here, ei(•) is the steady strain after an infinitely long time. Hence the model
for SMPUs is equal to a set of Voigt–Kelvin models connected in series. In the
shape recovery process of SMPUs, at the beginning of heating when temperature
is lower than Tg, the relaxation times of all the molecular segments are infinitely
large and no shape recovery occurs. As the temperature increases further and
approaches Tg, the activity of part of molecular segments increases and their
relaxation time is reduced. In this case, the SMPs recover deformation partially.
When temperature increases to above Tg, the relaxation times of all molecular
segments decrease and the SMPs finish their shape recovery completely.
In this model, the shape fixity and shape recovery can be qualitatively
explained. The gradual shape recovery with the temperature increase was
indeed explained well by the polydispersed relaxation time, but it probably
cannot accurately predict the performance of given SMPUs. This model is
suitable for modeling the creep behaviors of linear polymers. Since the
SMPUs Li and Laroch studied were linear polymers it was reasonable that
they considered that the SMPs were similar to other linear polymers and the
three different kinds of deformation could take place. It is apparent that the
SMPUs exhibit good shape memory performances owing to the particular
microstructure state in Section 7.1. So the theory seems also unsatisfied,
though from a macroscopic point of view the deformations of SMPs indeed
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consist of the three parts. The authors have not considered the structures of
SMPUs and the model therefore could not explain the good shape memory
properties of SMPUs.

7.6.4

E. R. Abranhamson model

Abranhamson et al.54 utilized the model shown in Fig. 7.23 to investigate the
shape memory behaviors of thermosetting SMPs. A key feature is that the
friction element progresses from fully stuck to fully free over a finite range
of strain. The major difference between the E. R. Abranhamson shape memory
model and its traditional application in plasticity theory is that the values for
the four empirical parameters vary with temperature. In particular, the stick–
slip threshold of the friction slider scr decreases with increasing temperature
and vanishes at a temperature approaching Tg. The non-linear constitutive
equation of the model is shown as equation (7.27):

Ï 1 + (sgn[ e˙ ( t )]/ s cr )[ E t e ( t ) – s ( t )] ¸
s˙ ( t ) = E 0 e˙ ( t ) Ì
˝ – Ce˙˙( t )
Ó 1 + k (sgn[ e˙ ( t )]/ s cr )[ E t e ( t ) – s ( t )] ˛

(7.27)

The parameter k in the above equation controls the rate at which the friction
slider progresses from fully stuck to fully slipping, 0 £ k £ 1. E0 and Et
denote the modulus of the spring elements in the model. C represents the
viscosity of the dashpot. The parameters were determined experimentally for
solving the differential equation. As shown in Fig. 7.24, the parameters were
obtained through curve fitting the stress–strain curve.
It was found that the stress–strain curve predicted by the model and that
obtained from experiment agreed very well. Like the H. Tobushi model, the
model did not consider the structural influence and is therefore not helpful
for development of SMPs. It should be noted that the model was developed
for model thermosetting SMPs. Whether it is also suitable for other
thermoplastic SMPs remains to be verified.

Et
K, scr

E0 – Et

C

e(t)

7.23 E. R. Abranhamson shape memory model.
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s(t)
k = 0.99

Et

scr
k = 0.5

E0

e(t)

7.24 Determination of the parameters through curve fitting.

From the foregoing discussion, the models for SMPs are all based on the
polymer viscoelastic theory. The shape memory behaviors of SMPs can be
qualitatively explained by the models. However most of the models are not
ideal for predicting the shape memory effect including shape fixity, shape
recovery, and so on, though the stress–strain relationship was simulated by
Tobushi and Abrahamson. In particular, the models only simulated the shape
memory behavior in the case of low deformation strain and the validity of
the models for high deformation strain remains to be testified. Therefore the
models hardly provide much assistance for the development of new SMPs.
One of the major difficulties for the modeling of SMPs is the fact that the
characteristic structure of SMPs has not yet been completely revealed. To be
more accurate, the relationship between shape memory properties and structures
is not fully understood. In addition, as more and more SMPs with different
structures are developed, it seems impossible to simulate all the SMPs with
only one model. It should be advisable to establish models according to the
specific structural characteristics of different SMPs.
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8
Environmentally sensitive polymer gel and its
application in the textiles field

This chapter discusses environmentally-sensitive polymer gel and its application
in various textile fields such as temperature-sensitive hygroscopic textiles,
antibacterial fibres and fabrics, auto-adjusting body temperature fabrics,
deodorant fibre applications and nutrient/drug delivery fabrics.

8.1

Environmentally sensitive polymer gel

8.1.1

Definition of environmentally sensitive polymer gel

According to the Polymer Science Dictionary,1 gel is defined as ‘the part of
a polymer sample that is crosslinked forming a network, and therefore is
insoluble and is only swollen by contacting solvating liquids’, or as ‘polymers
and their swollen matters with three-dimensional network structures that are
insoluble in any solvents’.2 Polymer gel can be classified based on the types
of cross-linking that create 3D networks, the shape and size of the gel
configuration, and the types of solvents. For example, if the solvent is air,
water, or oil, the gel is called aerogel or xerogel, hydrogel, or organic gel
respectively. The polymer gel has both characteristics of solid and liquid.
The most researched polymer gel is hydrogel. If the polymer gel shows
abrupt changes in response to the stimuli of external environmental conditions,
such as temperature,3 pH value,4 solvent,5 light intensity/wavelength,6 ionic
strength,7 magnetic field,8 electrical field,9 and pressure,10 it is called
environmentally sensitive gel or smart/intelligent gel. Figure 8.1 is a schematic
diagram of different types of responses of environmentally sensitive gel to
environmental stimuli.
According to the source of material, the environmentally sensitive hydrogel
can be generally classified into synthesized gel and natural gel. The synthesized
polymer gels include: poly(hydroxyethyl methacrylate), polyacrylamide,
poly(N-isoproterenol), poly(N-vinyl-2-pyrrolidone), and poly(ethylene glycol)g-poly(propylene glycol)-g-poly(ethylene glycol). The natural gels include
polysaccharide, protein, and peptide.
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8.1 Schematic of the different types of responses of environmentally
sensitive polymer gels to environmental stimuli (Source: Hoffman,
200011).

8.1.2

Swelling theory of polymer gel

One of the most remarkable chracteristics of polymer gel is swelling/deswelling.
This dynamic process consists of two kinds of dynamic equilibrium process,
which are extension and shrinkage. Responding to different external conditions,
the polymer gel networks swell or shrink by absorbing or expelling solvent
until a new equilibrium is reached. The polymer gel swells and expands, and
the entropy of macromolecule chains among the cross-link points decreases,
when the solvent penetrates the 3D networks. The polymer gels shrink with
an increase of elasticity tension between the intermolecules. If there are
independent ionized groups among the networks, the difference in ion
concentrations between that of the outside and inside networks will affect
the swelling and deswelling equilibrium. The swelling behaviors of polymer
gels are related to the properties of the solute and solvent, concentration,
pressure, and cross-linking degree. This behavior can be described by the
Flory–Huggins osmotic (p) formula:

p = – RT [y + ln (1 + y) + cy2]
Vc
1
1
+ VRT È (y /y 0 ) – (y /y 0 ) 3 ˘ + RT ( N gel – N sol )
ÍÎ 2
˙˚

(8.1)
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or

p = p1 + p2 + p3

(8.2)

where R is the gas constant, T is the absolute temperature, Vc is the molar
volume of solvent, c is the interaction parameter of polymer and solvent(water),
y0 is the volume fraction of network, and y stands for the volume fraction
of unordered polymer chains. Ngel and Nsol represent the ionic concentration
of gel and solution respectively. V is the number of polymer chains in unit
when f equals f0.
It is known from equation (8.1) that the osmotic pressure of the gel (p)
consists of interactions between polymer chains and the solvent (p1),
the rubber elasticity of the polymer network (p2) and the different ion
concentrations between the outside and inside of the polymer gel networks
p3. Thus the macroscopic swelling/deswelling and energy conversion of the
polymer gel can be controlled by network and microscopic structure of the
polymer gel.

8.1.3

Volume phase transition of polymer gels

The volume phase transition of a polymer gel is defined as the discontinuous
changes in volume of gel as responds to various external conditions, such as
ion strength, temperature, pH value, light, electric field, and solvent
components. The polymer gels can swell or shrink mutually. The volume of
a polymer gel can be changed discontinuously as much as 1000 times of its
original size or more than when surrounding conditions vary continuously,
such as solvent component, ionic concentration, pH value, and temperature,
which is similar to the liquid–gas transition of a substance. The smart behaviors
of polymer gels are the base of their discontinuous volume phase transition.
The following is an example used to illustrate this phenomenon. For example,
the volume of poly(acrylamide) gel will vary with the changes of volume
fraction of acetone in the water–acetone solvent. As can be seen from
Fig. 8.2, the gels shrink with an increase of acetone concentration. When the
concentration of acetone reaches to a critical degree, the gels shrink sharply,
i.e. swelling changes to deswelling. This is a discontinuous change.
The threshold of gels from continuous volume changes to discontinuous
volume changes is the critical point. With an increase of acetone concentration,
the hydrogen bonds between water molecules and acylamino are broken, and
the hydrophilic affinity between the polymer network and water molecules
becomes weak. This volume phase transition is caused by the difference in
the solvent constituent.
There are many interactions in the polymer gel system, van de Waals
force, hydrogen bond, electrostatic force.12 The swelling or deswelling of
gel is due to forces of these interactions, which lead to the volume phase
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8.2 The volume phase transition of poly(acrylamide) gels in an
acetone–water solution over 2 days.

transition of gels. The volume phase transition of poly(N-isopropylacrylamide)
(PNIPAAm), one of the most widely researched temperature-sensitive polymer
gels, is a process of hydrophilic/hydrophobic balance. The structure of
PNIPAAm is shown in Fig. 8.3.
Generally speaking, the entropy of the system increases with an increase
of temperature. While in the PNIPAAm gel–water system, the network
constringes to a stable state and the entropy decreases with an increase of
temperature. This phenomenon is seemingly in contravention of thermodynamics
theory. Actually, in the PNIPAAm gel–water system, the gel swells and the
polymer chains expand in water when the temperature is below the lower
critical solution temperature (LCST). During this process, hydrogen bonds
are formed between some water molecules and PNIPAAm molecules. The
structured water molecules act cooperatively to form a cage-like structure,
which makes the whole gel system highly soluble. When the temperature
reaches the LCST, these hydrogen bonds are destroyed. Thus the hydrophobic
groups are exposed, the hydrophobic interactions become strong, and the
polymer chains begin to dehydrate. When the temperature is above the LCST,
the hydrophobic interactions become dominant, causing the polymer chains
to collapse and aggregate abruptly. However, owing to the increase of thermal
energy (at a temperature above the LCST), the thermal motion of the polymer
chains becomes enhanced. The attractive forces induced by the increased
hydrophobic interactions also drive the chains to collapse and become entangled
with each other, and the structured water is excluded to become free water.
During this process, the entropy of the polymer chains decreases while the
entropy of the pristinely structured water surrounding the polymer chains of
gel increases. But as a whole, the total entropy of the gel system increases,
including the polymer chains and the surrounding water. This volume phase
transition of the temperature-sensitive gel is a process that is driven by
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8.3 The structure of poly(N-isopropylacrylamide).

increasing entropy i.e. the phase separation phenomenon of PNIPAAm gel
can be elucidated by the second law of thermodynamics.
The swelling and deswelling behavior of polymer gel can be explained by
Fig. 8.4. The theoretical swelling–deswelling curve of charged polymer gel
is shown in Fig. 8.5. The abscissa stands for the volume swelling degree
of gels (V/V0) and the ordinate is denoted as converse temperature t ; f is the
number of chain groups between the cross-linking points of the polymer gel.
When the osmotic pressure inside the gel is positive, the gel will swell until
the osmotic pressure between inside and outside is balanced (a Æ b). Otherwise,
the gels will shrink (c Æ d). Negative presure can constringe gel and make
the osmotic pressure to zero. The curve of p = 0 is the swelling–deswelling
equilibrium curve, also called an isobar. From the discussion above, the
conclusion can be drawn that the swelling–deswelling curve is controlled by
the number of the chain groups between polymer gel cross-linking points.
The structure of the gel changes during its swelling/shrinking process.
The network structure theory can be applied to previous gel research, but the
results of electronic microscopy, light diffusion, X-rays, and neutron diffusion
show that the structure of the gel is not uniform at the microscopic level.
Discontinuous changes have been observed during the phase transition. It is
necessary to research the swelling process of gel in another way: the following
is an analysis of the swelling process of gel through dynamics.
The structure of a polymer gel is a network which is made up of soft
macromolecular chains. When the solvent disperses among the network, the
friction force between the macromolecule chains is much smaller than that
without solvent. So the movement of the molecular chain will take some
time to extend throughout the network. The polymer gel can be taken as a
continuous system.
In order to discuss the movement of the constituent molecules of gels, it
is necessary to describe gels as continuous bodies based on continuum
mechanics.13 The u(r, f) vector indicates the position of any point (r) at t time.
The motion of this volume element can be described by the following equation:
2
∂u
r ∂ 2 u = —s˜ – f
∂t
∂t

(8.3)

where r is the density of the microscopic volume element, f is the coefficient
of friction, s is the stress tensor, and — is the vector differential factor.
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8.5 Theoretic swelling–shrinking curve of charged polymer gels.

During the process of swelling (deforming), the accelerated item in the
above equation is zero. Compression (elastic modulus K) and sheer (sheer
modulus m) items are included in the stress tensor:
K + 4 m ∂2u
∂u1
3
1
=
f
∂t
∂ x12

(8.4)

∂u t
∂ 2 ut
= u
(8.5)
f ∂xt
∂t
where x1 and xt are the longitudinal and transverse displacement, and f stands
for the viscosity interaction between polymer chains and solvent (i.e. friction
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coefficient). This equation is similar to the gas diffusion equation. The
K + 4 m and m/f correspond to the diffusion coefficient. This phenomenon
3
is also called cooperative diffusion of gel.14
Equation (8.6) relates light diffusion intensity to time:

(

)

D0 = t/l2

(8.6)

where D0 is the diffusion coefficient, t is the time fluctuation, and l is the
wavelength of incident light.
According to Tanaka-Fillmore’s view, during the swelling–shrinking process,
the strain of the gel can be denoted by a displacement vector. The relaxation
time can be expressed as follows:

t = a2/D0

(8.7)

where a is the gel radius. The relaxation time t is linearly proportion to two
orders of the gel radius, which is most consistent with the theoretical value.
Figure 8.6 indicates that D0 is 3.2 ¥ 10–7cm2/s, which is very near to the D0
value that was obtained from dynamic light scatter testing. If a piece of gel
is flat or fiber shape, its swelling speed will change accordingly.

8.2

Application of environmentally sensitive
polymer gel to textiles

8.2.1

Temperature-sensitive hygroscopic textiles

Environmentally sensitive polymer gels can be grafted or adsorbed on the
surface of other polymer fibers.15 When the gel is exposed to the external

Relaxation time (105 s)
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8.6 Relation of relaxation time and final gel radius during PNIPAAm
swelling process.
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stimuli, it will display swelling/shrinkage or hydration/dehydration and
change the water vapour transmission rates, permeance, and permeability of
the fabrics.
Chen et al.16 grafted PNIPAAm hydrogel onto non-woven fabrics by
photo-induced graft polymerization and studied their temperature-responsive
characteristics. Temperature-sensitive PNIPAAm hydrogel was grafted onto
the plasma-activated polyethylene terephthalate (PET) film and polypropylene
(PP) non-woven fabric surfaces. Factors affecting the formation of PNIPAAm
hydrogel by photo-induced graft polymerization were investigated in terms
of the type of additives. The additives used were ammonium persulfate
(APS, initiator), N,N,N¢,N¢-tetra-methylethylene-diamine (TEMED, promoter),
and N,N¢-methylene-bisacrylamide (MBAAm, cross-linked agent). The
experimental result indicated that the pretreatment can improve the combined
ability of hydrogel and matrix (see Fig. 8.7), increase graft density, and
endow grafting PP with good permeability. After freeze drying, a hydrogel
with a porous structure can be obtained.
(a)

Hydrogel

100 mm

PP

(b)

Hydrogel

PP
100 mm

8.7 SEM images of PNIPAAm-g-PP non-woven fabrics (after freeze
drying): (a) without pretreatment, PP non-woven fabric; (b) Ar* plasma
pretreatment, PP non-woven fabric, (Source: Chen et al., 200216.)
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It can be seen from the swelling–shrinking (Fig. 8.8) curves that, the
PNIPAAm with/without grafting on the PP non-woven fabric surfaces displayed
similar temperature sensitiveness. Thus grafting almost does not alter the
LCST of PNIPAAm. The PNIPAAm-g-PP non-woven fabrics may be used
in temperature-sensitive WVP fabrics.
Kuwabara and Kubota17 synthesized cellulosic adsorbents (cross-linked
carboxymethyl cellulose, CR-CMC) by photografting acrylic acid (AA) onto
fibrous CMC in the presence of MBAAm as the cross-linked agent. The
CMC sample was pretreated with hydrogen peroxide in the presence of
sulfuric acid to prepare CMC peroxides firstly, and then AA and NIPAAm
monomers were photografted on the CMC surface.
The peracid on the pretreated CMC was decomposed as a polymeric
photoinitiator in the following grafting process. Two preparation methods,
one-step and two-step, were used in this work (Fig. 8.9). For the one-step
method, NIPAAm and AA were photografted simultaneously on the CMC in
the presence of an MBAAm cross-linked agent. For two-step method, AA
was first coupled on the CMC in the presence of MBAAm and then PNIPAAm
was photografted.
The relationship between water absorbency and temperature of these two
samples is compared in Fig. 8.10. It is obvious that the water absorbency of
the samples prepared by the two-step method is much larger than that of the
one-step. In addition, the latter samples clearly displayed temperature
sensitivity. The CR-CMC prepared by the two-step method may be used as
temperature-sensitive water absorbent.
NIPAAm was also grafted onto the surface of cotton fibers by using the
Co irradiation method.18 The DSC results showed that the PNIPAAm-g-
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8.8 Temperature effect on the swelling degree of PNIPAAm: A,
without grafting; B, grafted on the PP fabric surface. (Source: Chen
et al., 200216.)
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8.9 Photografting mechanism of AA and PNIPAAm binary monomer:
(a) one-step and (b) two-step. (Source: Kuwabara and Kubota,
199617.)
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8.10 Relationship between water absorbency and temperature in (䊊)
one-step and (䊉) two-step samples. (Source: Kuwabara and Kubota,
199617.)

cotton still keeps temperature sensitivity. The phase transition temperature
of PNIPAAm-g-cotton is around 35 ∞C, near to body temperature (Fig. 8.11).
This temperature sensitivity of PNIPAAm-g-cotton may be applied to the
development of environmentally responsive fabrics.
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8.11 DSC curve of PNIPAAm-g-cotton in wet conditions. (Source: Liu
et al., 199918.)

In addition to the grafting methods mentioned above, ammonium cerium(IV)
nitrate (CAN) can also be used to initiate the grafting reaction on the cellulose
fabric surface.19 The ordered crystalline and orientation structures of cotton
cellulose are destroyed by pretreatment in boiling NaOH solution and ZnCl2
solution at room temperature respectively. The pretreated cotton cellulose
was initiated in 10 ml 20 mM CAN for 15 min, wiped with tissues for the
removal of extra CAN, and then immersed in 5 ml of an NIPAAm/MBAAm
solution for 30 min. The copolymerization was performed under N2 protection
for 48 h; grafting yield can reach to 400% by using this grafting technology.
Figure 8.12 shows the SEM images of cellulose-supported PNIPAAm hydrogel.
The smooth thick hydrogel layers are coated on the surface of cellulose,
making fibers nearly invisible. The onset temperature of the phase transition
is between 28 and 40 ∞C. The swelling degree of hydrogel deceased with
increase of temperature. The constringency of the cellulose-supported hydrogen
is observed near the phase transition temperature. The cellulose-supported
thermosensitive hydrogel is potentially useful in wound-dressing materials
and nutrient-controlled release cosmetics.
In order to get temperature/pH dual-sensitive hydrogel grafted fabrics,
Liu et al.20,21 synthesized a vinyl-capped polyurethane anionomer (VPUA)
and N-isopropyl acrylamide. The work aimed to develop a smart textile with
tunable water absorption in response to environment. These two monomers
were grafted onto non-woven cotton cellulose by APS initiation. The DSC
results of PNIPAAM-co-PU free hydrogel displayed a typical endothermic
peak around 33 ∞C, which is close to the LCST of pure PNIPAAm, indicating
that the incorporation of PU has little effect on the thermal transition of
PNIPAAm (Fig. 8.13). The cotton cellulose grafted by PNIPAAm/PU hydrogel
showed a similar phase transition temperature. At the same time, the water

Environmentally sensitive polymer gel and its application

20 mm

263

100 mm
Cross-section

Surface layer

8.12 SEM images of cellulose-supported PNIPAAm hydrogels.
(Source: Xie and Hsieh, 200319).
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8.13 DSC heating thermogram of the hydrated samples (GCE0.5,
GCE1.5, GCE2.5, GCE3.0, and GCE4.0 indicate monomer
concentrations are 0.5 wt%, 1.5 wt%, 2.5 wt%, 3.0 wt% and 4.0 wt%).

absorbency of the grafted cellulose can be tuned by adjusting the environmental
temperature (Fig. 8.14).
The effect of the monomer feeding ratio on the effect of phase transition
temperature has also been studied at the Shape Memory Textile Center (Fig.
8.15). The hydrogel grafted non-woven with different NIPAAm/PU feeding
ratio displayed a typical endothermic peak around 33 ∞C, which is close to
the LCST of pure PNIPAAm, indicating that the incorporation of PU has
little effect on the thermal transition of PNIPAAm. With the increase of PU
to NIPAAm feeding ratio, the LCST of PNIPAAm/PU hydrogel grafted nonwoven rose slightly as well, because the additives of PU made the copolymer
hydrogel more hydrophilic and increased the phase transition temperature of
the PNIPAAm/PU hydrogel.
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8.14 The variation of water absorbency as a function of temperature.
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8.15 DSC heating thermogram of the different NIPAAm/PU feeding
ratio hydrated samples (GCE51, GCE31, GCE210, and GCE11
indicated monomer feeding ratios of 5/1, 3/1, 2/1, and 1/1, monomer
concentration: 5.0 wt%).

The water absorbency of the different monomer feeding ratio hydrogel
grafted cellulose can be tuned by adjusting the environmental temperature
(Fig. 8.16). Figure 8.14 displays the relationship between the swelling ratio
of PNIPAAm/PU hydrogel-grafted non-woven and temperature. As shown
in Fig. 8.16 for original non-woven fabric without grafted hydrogel, the
water absorption is independent of temperature. While the water obsorption
of GCE51, GCE31, GCE21, and GCE11, appears temperature sensitive, that
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8.16 The variation of water absorbency as a function of temperature
(different monomer feeding ratios).

is, around phase transition temperature, the swelling ratio begins to decrease
owing to the shrinkage of PNIPAAm. For GCE51 with a high PNIPAAm/PU
ratio, prominent temperature responsiveness is observed. When approaching
32 ∞C, the water obsorption of GCE51 drops dramatically. The higher ratio
of PNIPAAm to PU gives rise to more temperature sensitivity in hydrogelgrafted non-woven fabric. The reason for this is that the PNIPAAm is
temperature sensitive but the PU is not. When temperature increases, the
hydrogen bonds in hydrogel form, and the electrostatic repulsion begins to
play a weak role, contributing to the deswelling of the hydrogel. For hydrogelgrafted non-woven fabrics modified with chitosan, the water absorption of
the samples barely changes. Moreover, the layer of hydrogel on the nonwoven fabric did not show heavy syneresis at an elevated temperature because
of the effect of hydrophilic polyurethane. Meanwhile, after introducing the
carboxyl of PU into the PNIPAAm backbone, the copolymer hydrogel will
become sensitive to pH.
In addition to temperature sensitivity, the grafted cotton cellulose has
pH sensitivity. Table 8.1 shows that the water absorbency considerably
decreases and increases in acid and alkali media respectively, compared
with that in neutral medium. In research by Hu et al.,22 the temperaturecontrolled release behavior of the PNIPAAm/PU hydrogel-grafted fabric
was studied. Vitamin C was used as the model nutrient in this investigation.
The preliminary results displayed that the release of vitamin C can be controlled
by tuning the temperature. Besides the temperature-controlled release, the
grafted fabric was expected to display a noticeable pH-controlled release
behavior.
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Table 8.1 Water absorbency determined at Media with different pH
pH

Original
cellulose

GCE0.5

GCE1.5

GCE2.5

GCE3.0

GCE4.0

1.0
7.0
13.0

1.98
2.17
2.40

2.46
2.62
2.78

2.46
2.60
2.77

1.98
2.60
3.23

2.71
3.25
3.34

10.68
15.89
22.49

8.2.2

Antibacterial fibers and fabrics

Chitosan is a kind of copolymer of glucosamine and N-acetyglucosamine
units linked by 1-4 glucosidic bonds. It is obtained by N-deacetylation of
chitin, which is the second most naturally occurring biopolymer (after cellulose).
The structure of chitosan is shown in Fig. 8.17.
Chitosan has both reactive amino and hydroxyl groups that can be used to
modify its properties under mild conditions.23 Chitosan and its derivatives
are useful natural polymeric biomaterials in the biomedical area because of
their biological properties such as biocompatibility, biodegradability and
non-toxic properties. In particular, chitosan shows pH-sensitive behavior
owing to the large quantities of amino groups. When it is in acid or alkali
conditions, its molecular chains will be in a curled or extended state respectively.
Bacteriolysis enzymes can break down the chitosan at different speeds
according to the degree of deacylation. Chitosan is a biocompatible polymer,
which can accelerate wound healing and the rebuilding of soft and hard
tissues. Its antifibroblastic activity may aid in wound healing.24
Recently, the antibacterial and antifungal activities of chitosan have been
researched. Chitosan inhibits the growth of a wide variety of bacteria and
fungi24 (see Table 8.2), and shows excellent antibacterial activity, high killing
rate, and low toxicity toward mammalian cells. There are two modes of
action proposed for microbial growth inhibition. In one mechanism, the
polycationic nature of chitosan interferes with the negatively charged residues
of macromolecules at the cell membrane surface.25 Chitosan interacts with
the membrane and pierces the membrane of the cell, causing the leakage of
the intracellular components. Another mechanism involves the binding of
chitosan with DNA to inhibit RNA synthesis.26 Because of the antibacterial
activity and small skin reaction over a wide range of biomedical investigation,
chitosan can be used in antibacterial next-to-skin fabrics.
Cotton fiber and viscose rayon are undergarment materials of choice because
of their demonstrated safety to the body and the comfort that results from
their high moisture retentivity. The main ingredient of cotton and viscose
rayon is cellulose. The molecular structure of cellulose is very similar to that
of chitosan, the difference being that chitosan has an amino group instead of
a hydroxyl group at the C2 position of every pyranose ring (Fig. 8.18). This
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8.17 Chemical structure of chitosan.

Table 8.2 Antimicrobial activities of chitosan
Bacterium

MICa
(ppm)

Fungus

MICa
(ppm)

Agrobacterium tumefaciens
Bacillus cereus
Corinebacterium michiganence
Erwinia ssp.
Erwinia carotovora ssp.
Escherichia coli
Klebsiella pneumoniae
Micrococcus luteus
Pseudomonas fluorescens
Staphylococcus aureus
Xanthomonas campestris

100
1000
10
500
200
20
700
20
500
20
500

Botrytis cinerea
Drechstera sorokiana
Fusarium oxysporum
Micronectriella nivalis
Piricularia oryzae
Rhizoctonia solani
Trichophyton equinum

10
100
10
10
5000
1000
2500

a

MIC: minimum growth inhibitory concentration.
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8.18 Comparation of molecular structure of (a) cellulose and
(b) chitosan.
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similarity is expected to give high compatibility between these two kinds of
polymers. Moreover, the formation of intermolecular hydrogen bonding
between them also contributes to their compatibility. Blending cellulose and
chitosan is expected to be a useful method to introduce antibacterial activity
into cellulosic materials for its functionalization.
The antibacterial capability of chitosan increases with the molecular
weight varying from 5000 to 9.16 ¥ 104.27 However, as chitosans molecular
weight varying from 9.16 ¥ 104 to 1.08 ¥ 106 gradually, the antibacterial
activity of chitosan decreased slowly. The chitosan antibacterial activity
increases with an increase in the degree of deacetylation. Carboxymethylated
chitosan has antibacterial activity too. Fuji Spinning Co. Ltd has made a
kind of antibacterial fibers, Chitopoly, by blending Chitosan on the viscosity
fiber.28 It is a highly safe fiber that does not contain any chemicals or other
processed material.
To evaluate the antibacterial effectiveness of the different NIPAAm/PU
ratio, antibacterial activities of three different NIPAAM/PU ratios hydrogel
were tested in the center’s lab.29 The grafted non-woven with chitosan
modification was used as a sample and the grafted non-woven without chitosan
modification as control. The shake flask method was used, which measures
antibacterial activity quantitatively, to determine the effectiveness of the
chitosan modification in reducing the colony count of bacterium. The reduction
ratio of antibacterial modification on hydrogel-grafted non-woven was about
80% with different NIPAAm/PU ratio (see Figs. 8.19 and 8.20). Since the
chitosan contains amino groups, it is possible to bind it to the carboxylic
group on the PU. The modification mechanism is shown in Fig. 8.21. The
lower the feeding ratio of NIPAAm/PU, the more chitosan was bound onto
the hydrogel surface, and antibacterial activity also increased.
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8.19 Reduction of Staphylococcus aureus versus NIPAAm/PU feeding
ratio.
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8.20 Reduction of Escherichia coli versus NIPAAm/PU feeding ratio.
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8.21 Schematic illustration of surface modification with chitosan.

8.2.3

Auto-adjusting body temperature fabrics

Vigo and Turbak30 have bound polyethylene glycols to various fibrous materials
such as cotton, polyester, and polyamide/polyurethane to obtain the expected
properties of fabrics. Two of the properties achieved, thermal adaptability
and reversible shrinkage, are appropriate for categorizing these modified
fabrics as intelligent materials. Thermal adaptability involves imparting a
‘thermal memory’ to the materials: when the temperature increases, the modified
fabric cools; conversely, when the temperature drops, the fabric warms. The
thermal memory effect arises from the thermodynamics of the hydrogenbonding interactions between neighboring polyol helices attached to the
fibers. When the temperature increases, hydrogen bonds are broken, leading
to more disorder and a relaxation of the coils; a process that absorbs heat.
When the environmental temperature decreases, hydrogen bonding becomes
more ordered, the coils are compressed, and heat is released. These thermal
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smart textiles may be applied in many types of apparel and insulation. Other
potential applications include camouflage, automotive interiors and
components, thermal sensors, biomedical products for body-temperature
regulation and burn therapy, and freeze protection for crops.
Another function of such textiles is reversible shrinkage (dimensional
memory). These modified fabrics shrink in wet condition and revert to their
original dimensions when dry. Shrinkage as much as 35% has been observed
in the wet state and solvents other than water also elicit the response. Because
this ‘dimensional memory’ effect involves the interaction of the solvent with
the polyol–fiber matrix, its mechanism is more complex than the thermal
memory effect.
The temperature-sensitive polymer hydrogel is a kind of soft material and
has potential application in the textiles field. Midé Technology Corporation
(USA) used the thermally sensitive polymer hydrogel on the regulation of
the permeability of the wetsuit fabric’s inner layer (SmartSkinTM).31 This
thermosensitive layer is mainly a copolymer of hydrophilic and hydrophobic
components, and exhibits an abrupt volume change around a transition
temperature that depends on the relative concentrations of the copolymer
components. The suit’s internal environment temperature is close to the gel’s
transition temperature. The suit can protect a diver when diving. When the
diver gets warm, the gel shrinks to permit an increased flow of water through
the wetsuit, thereby cooling the diver. But when the suit’s internal temperature
drops below the gel’s transition temperatures, SmartSkinTM expands to reduce
the water flow and slow the rate at which heat is lost. A comparison of this
optimal layout with a standard suit shows that the two suits offer nearly the
same protection in warm water, but in cold water the optimal SmartSkinTM
layout provided a significant 70% improvement in protection (Fig. 8.22,
left). Using a freshwater gel in seawater would cause problems in gel function
0.60
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0.30
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0.33
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Cool condition

8.22 Comparison of heat protection value of SmartSkinTM and
standard suit. (Source: Serra, 200231.)
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because absorbed ions would be difficult to get rid of, which is necessary for
a reversible transition. However, seawater gels will swell in freshwater but
exhibit a different transition temperature. The absence of ions means that the
process is easily reversible. According to market research, Midé estimates
the US market share for wetsuits in sport and leisure activities is, approximately
75% of the world market with the market range between US$17 and
US$225 million.

8.2.4

Environmentally sensitive hydrogel in deodorant
fiber application

b-Cyclodextrin (b-CD) is a cone-shaped molecule. It is hydrophilic at the
outer surface of the cavity for many hydroxyl groups, but hydrophobic in the
cavity. So b-CD is soluble in water, and a variety of hydrophobic guest
molecules can be encapsulated in its non-polar cavity. Such a characteristic
has been widely applied in the fields of drug-controlled release,32 separation33
and adsorption.34 Figure 8.23 shows the molecular structure of b-CD.
Lee et al.35 used formic acid as a catalyst to copolymerize N-methylolacrylamide (NMA) and (b-CD) (CD-NMA). The CD-NMA was grafted onto
the cotton fibers by using CAN as an initiator. Figure 8.24 shows the effect
of reaction temperature on graft yield. It demonstrates that 40 ∞C is the
optimum temperature, and above this temperature the graft yield decreases.
The optimum graft yield can be acquired from adjusting grafting time, reaction
temperature, and CAN concentration.
CD-NMA grafted cellulose fibers can be used in the aroma finishing of
cotton. The fragrance of CD-NMA grafted cellulose fibers treated with vanillin
was retained even after prolonged storage, initially at room temperature for
7 days following at 80 ∞C for 7 days. The untreated cotton fibers retained the
fragrance for less than 2 days. See Table 8.3. The CD-NMA-attached cotton
fibers release the vanillin only in a passive mode. Liu and Fan36 have
synthesized a novel hydrogel, poly(isopropyl acrylamide-co-maleic anhydrideROH2C
O
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8.23 Molecular structure of b-cyclodextrin.
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8.24 Effect of reaction temperature on the graft yield. Grafting
conditions: cotton fiber, 0.5 g; CD-NMA, 10 g; CAN (0.012M in 1%
HNO3), 50 ml; time, 60 min. (Source: Lee et al., 200035.)
Table 8.3 Results of sensory test of vanillin fragrance
Time (day)

Sample
Control

1

2

3

4

5

6

7

1a

2a

3a

4a

5a

6a

7a

䊊
䊊

䊊
䊊

䊊
¥

䊊
¥

䊊
¥

䊊
¥

䊊
¥

䊊
¥

䊊
¥

䊊
¥

䊊
¥

䊊
¥

䊊
¥

䊊
¥

a
Stored at 80 ∞C after storing at room temperature for 7 days.
䊊, fragrance detected; ¥, no fragrance.

b-cyclodextrin), with pH and temperature sensitivity plus molecular inclusion
function. This novel hydrogel was obtained using free radical polymerization
in aqueous solution.
A reactive b-CD-based monomer carrying vinyl carboxylic acid functional
groups was synthesized via the reaction of b-CD with maleic anhydride
(MAH) in N,N-dimethylformamide (DMF) at 80 ∞C. The poly(NIPAAm-coMAH-b-CD) was obtained by copolymerization of the monomer with NIPAAm.
Figure 8.25 shows the synthesis route.
The equilibrium swelling ratio of the hydrogel was affected by pH and
temperature as shown in Fig. 8.26. It can be seen that the equilibrium swelling
ratio of hydrogel increased with the increase in pH. At a certain pH, the
equilibrium swelling ratio decreased with rising temperature; it descended
drastically near the phase transition temperature.
The temperature/pH dual-sensitive hydrogel has a great potential application
in the smart fabrics field. If temperature/pH dual-sensitive hydrogel is grafted
on to the fiber or fabric surface, the fabrics will become environmentally
sensitive. It is anticipated that the fragrance molecules included in b-CD are
capable of being released in a sustainable fashion by changing the temperature
or pH. Novel deodorant fabrics could be developed by loading the fragrance
molecules into the b-CD.
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8.25 Synthesis route of PNIPAAm/b-CD copolymer. (Source: Liu and
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8.26 Influence of pH value and temperature on equilibrium swelling
ratios (ESR) of PNIPAAm-CD hydrogel. The hydrogel chemical
composition of NIPAAm/MAH-b-CD(wt%): I (99.3/0.7); II (98.6/1.4);
III (98.2/1.8); IV (97.6/2.4); V (96.2/3.8). (Source: Liu and Fan, 200236.)

8.2.5

Environmentally sensitive hydrogel in nutrient/drug
delivery fabrics

One special property of environmentally sensitive hydrogel is that it is an
open thermodynamic system. When the external environment changes a
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little, the volume of hydrogel will swell or shrink drastically. This characteristic
enables drugs or nutriments loaded in hydrogels to be released in a controlled
manner. The temperature-sensitive copolymer hydrogels in Fig. 8.27 are
frequently used as a controlled release system.37 The common characteristic
of temperature-sensitive polymers is the presence of hydrophobic groups,
such as methyl, ethyl, and propyl groups. Of the many temperature-sensitive
polymers, PNIPAAm is probably the most extensively used.
The release of vitamins, Chinese herbs, and therapeutical medicine has
wide application in the fields of therapy, healthcare and cosmetics. Ishida et
al.36 synthesized a temperature-sensitive copolymer (EOVE200-HOVE400)
consisting of poly(2-ethoxyethyl vinyl ether) (EOVE200) and
poly(hydroxyethyl vinyl ether) (HOVE400). Here HOVE400 was a hydrophilic
segment. The temperature-sensitive segment EOVE200 causes a hydrophilic–
hydrophobic transition at the LCST, while the hydrophilic segment HOVE400
is independent of temperature. The transition temperature of 20 wt% EOVE200HOVE400 is 20.5 ∞C. Images of sol–gel transition of the EOVE200-HOVE400
solution are shown in Fig. 8.28.
EOVE200-HOVE400 is in a sol-state and gel-state at 10 and 30 ∞C
respectively; the sol–gel transition is reversible. When vitamin E was dissolved
in EOVE200-HOVE400 solution, a controllable release of vitamin E could
be realized by temperature-induced sol–gel transition (Fig. 8.29).
It was apparent that there was no release of vitamin E from EOVE200HOVE400 at 30 ∞C owing to the gelation of solution. When the temperature
was reduced to 10 ∞C, vitamin E was released from EOVE200-HOVE400
since the gel had converted to sol. If EOVE200-HOVE400 is grafted on the
surface of fabrics, a novel fabric that is capable of the temperature-tunable
release of nutrient or drug will be created.
If a temperature-sensitive hydrogel is grafted on the non-woven fabrics,
the nutriment or medicine can be encapsulated in the hydrogel. The release
of nutriment or herbs can be controlled by the temperature changes. Another
advantage of this technology is that the mechanical performance of a
temperature–sensitive hydrogel is improved. These temperature-sensitive
hydrogel-modified fabrics may be used in the cosmetic and pharmaceutical
fields.
Controlled release behaviors (vitamin C) of PNIPAAm/PU hydrogel-grafted
non-woven with and without chitosan surface modification have been
investigated.22 The release model nutrient release curve shows how the
temperature-sensitive hydrogel-modified fabrics are controlled. Figure 8.30(a)
shows the cumulative vitamin C release from the hydrogel-grafted nonwoven fabrics without chitosan modification at 20 and 37 ∞C. It can be seen
that there is accelerated vitamin C release rate when temperature is above the
LCST. However, as time elapses, the vitamin C release rate from the hydrogelgrafted non-woven slows down and levels off within 15 min. About 60% of
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8.27 Temperature-sensitive copolymer hydrogels.
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8.28 Visual observation of sol and gel states of EOVE200-HOVE400 at
10 and 30 ∞C. (Source: Ishida et al., 200338.)
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8.29 Release behavior of vitamin E from EOVE200-HOVE400 at
10 (䊉) and 30 ∞C (䊊). (Source: Ishida et al., 200338.)

vitamin C loaded is released from the hydrogel-grafted non-woven by 8 h. It
is considered that when the temperature was above the LCST, the fast shrinkage
of hydrogel will speed up the release of vitamin C at 20 ∞C, because of the
swollen state of the non-woven supported hydrogel, the loaded vitamin C
needs a longer time to diffuse out of the hydrogel compartment. Thus, the
release rate is lower than that at 37 ∞C and takes a longer time to reach a
maximum. As the time goes on, the cumulative release amount of vitamin C
does not exceed that at 37 ∞C. A similar release behavior of hydrogel-grafted
non-woven fabrics with chitosan modification is also displayed in Fig. 8.30(b).
Hu et al.22 compared the release rate from the non-woven fabrics with and
without chitosan modification. At 20 ∞C, the release rate of vitamin C and
cumulative amount from the GCE51 and that from the GCE51S are almost
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8.30 The cumulative amount of vitamin C as a function of time
determined at different temperatures of swelling ratio as a function
of temperature: (a) without chitosan modification; (b) with chitosan
modification. GCE51, NIPAAm/PU feeding ratio is 5:I without chitosan
modification. GCE51S, NIPAAm/PU feeding ratio is 5:I with chitosan
modification.

the same. It is evident that the grafted chitosan does not influence the release
behavior. This is understandable because the chitosan chains are far away
from each other on the hydrogel surface in the swollen state. The longer
distance between chitosan molecules will not affect the vitamin C release
behavior. Unexpectedly, with the temperature increased to 37 ∞C (Fig. 8.30b),
the release rate of the hydrogel-grafted non-woven with chitosan surface
modification is increased relative to that of the counterpart without chitosan
modification. The temperature for the hydrogel-grafted non-woven without
chitosan modification is above the LCST. The reason is not clear. The closer
distance of chitosan on the hydrogel surface chitosan modification will promotes
vitamin C release from the hydrogel matrix.
The release behavior of nutrient or chemical substances from thermosensitive
PNIPAAm/PU hydrogel-grafted non-woven fabrics is temperature sensitive,
which will make such fabrics potentially applicable in pharmaceutical and
skin care product fields.
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9
Evaluation of shape memory fabrics

Chapter 3 described the experimental methods for accessing the different
properties of SMPs. These provided a measure of the unique intrinsic properties
this special class of functional polymer possesses. When these polymers are
used together with fabrics, or when fabrics are finished with these polymers,
they require special characterization methods to access the effective transfer
of the properties to the treated fabrics. This chapter reviews the evaluation
instruments developed for cotton fabrics having unique thermo-responsive
properties. SMPs with different formulations were used to finish woven
cotton fabrics. In order to evaluate such thermosensitivity of shape memory
fabrics, shape memory angle was measured after the fabrics were immersed
in hot water. Differences between wrinkle recovery angle and shape memory
angle are distinguished. Moreover, a shape memory coefficient is defined to
indicate the shape memory effects in fabrics. The efficacy of the evaluation
methods is also discussed.

9.1

Shape memory and wrinkle-free fabrics

There is frequent confusion between the shape memory fabrics and wrinklefree fabrics. A wrinkle-free fabric has good elasticity because it can recover
after release of the forces that cause deformations. Thus wrinkle-free finishing
improves the elasticity of a fabric and can be called elastic finishing. Wrinklefree fabric is not temperature responsive and cannot recover its original
shape when its temperature has been changed.
Shape memory fabrics, depending on the chemical used, can have lower,
similar, or higher (different levels of) elasticity than wrinkle-free fabrics at
room temperature. The major difference is that these kinds of fabric can
respond to temperatures that are usually hotter than the room temperature,
such as home laundering and body temperature environment, and recover
their original shape, such as a flat appearance on which the fabric has no
wrinkle. Shape memory fabrics can recover their original shape, which is
279
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based on the SMPs under certain conditions (temperature variation). It can
be called thermal elastic finishing or shape memory finishing because it can
recover its original shape (elasticity) at higher temperature (thermal energy
triggering), which leads to the shape memory effect. At the same time, shape
memory fabrics probably have even better elasticity at higher temperature
than below the switch temperature. Thus, when a fabric has some residual
wrinkles after removing external forces at room temperature, it can further
recover its original shape at higher temperatures in tumble drying and/or
machine laundering. So, shape memory fabrics can doubly ensure the recovery
of wrinkles when they are properly finished.
Although there are some methods of characterizing SMPs, there is currently
no method of evaluating the performance of shape memory fabrics. Subjective
evaluation standards/methods have been used to assess the smoothness of a
fabric surface and its ability to retain creases. However, these methods do
not involve the temperature response of fabrics. Therefore, existing experiments
need to be redesigned so as to be carried out in temperature-controlled
environments such as a hot water tank having a temperature-control device.
This innovative objective evaluation method is developed to characterize the
performance of shape memory fabrics.

9.2

Evaluation methods for shape memory fabrics

9.2.1

Wrinkle recovery, smoothness appearance, and
crease retention

Several methods are available for measuring the wrinkled appearance of
fabrics. For example, a subjective grading of wrinkles can be referenced
from the AATCC test method 124-2001, ‘Appearance of Fabrics after Repeated
Home Laundering’; crease retention can be also subjectively graded by the
AATCC test method 88C-2001, ‘Retention of Crease in Fabrics after Repeated
Home Laundering’, and an objective evaluation of wrinkles can be carried
out by the AATCC test method 66-1998, ‘Wrinkle Recovery of Woven Fabrics:
Recovery Angle’.
The AATCC test method 66-19981 for assessing wrinkle recovery is
applicable to fabrics made from any fibers, or combination of fibers. In this
experiment, a test specimen is folded and compressed under controlled
conditions of time and applied force to create a folded wrinkle. The test
specimen is then suspended on a test instrument for a controlled recovery
period, after which the recovery angle is measured (Fig. 9.1). The use of the
wrinkle recovery test for measuring the crease angle and its recovery for
shape memory fabrics is helpful for assessing the shape memory effect,
because the original angle of the crease, and the recovery crease angle after
the fabric is deformed, must be obtained in advance. In our case, a function

Evaluation of shape memory fabrics

281

9.1 Accessories for the AATCC test method 66-1998.

taking into account the temperature effect is needed to describe the shape
memory effect of the fabrics since the recovery effect is triggered by the
change in environmental temperature.
The AATCC test method 124-20012 is designed to evaluate the smoothness
appearance of flat fabric specimens after repeated home laundering by simply
looking at them. The fabric is graded by comparing it with some scored
standard fabrics with different surface appearances (Fig. 9.2). Any washable
fabric and fabrics having different structures (woven, knit, and non-woven)
can be evaluated for the smoothness of appearance using this method.
The AATCC test method 88C-20013 is designed to evaluate the retention
of pressed-in creases in fabrics after repeated home laundering (Fig. 9.3).
Any washable fabric and fabrics of any structure may be evaluated for crease
retention using this method. The techniques for creasing are not outlined,
since the purpose is to evaluate fabrics as they are supplied from manufacturing
or as ready for use. Furthermore, application of creasing technique depends
upon the fabric properties.
In recent years, Yang and Huang4 developed a method for fabric 3D
surface reconstruction using a photometric stereo method. The 3D surface of
an AATCC standard wrinkle pattern is reconstructed and its wrinkle degree
is measured using four index values indicating the variation of the surface
height. The result suggests that there is a good linear correlation between the
index value and the wrinkle degree of the pattern.
However, many evaluations of the shape memory fabrics still rely on the
traditional standard methods. Hashem et al.5 reported the crease angle recovery
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9.2 Accessories for the AATCC test method 124-2001.

9.3 Accessories for the AATCC test method 88C-2001.
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and strength date were correlated to the amount of add-on polyelectrolyte.
The authors developed methods of forming ionic cross-linked cotton to
provide crease angle recovery performance without the potential for releasing
low molecular weight reactive materials such as formaldehyde. The result
was evaluated by crease angle according to the AATCC standard test method
66, and the breaking strength from Instron tensile tester according to the
ASTM test method D1682.6 It was found that crease angle recovery could
be imparted to cellulose fabric by the application of ionic cross-links.
Carboxy-methylated woven fabric treated with cationized chitosan shows
significant increases in winkle recovery angle without any strength losses.
Also, fabric treated simultaneously or sequentially by 3-chloro-2-hydroxypropyl
trimethyl ammonium chloride (CHTAC) and either chloracetic acid (CAA)
or sodium chloromethyl sulfonate (CMSA) improved the wrinkle recovery
angle and strength.

9.2.2

Wrinkle recovery angle and breaking strength

Experiments at the Shape Memory Textile Center used 100% cotton woven
fabric (weight of 135 g/m2) with 68 ends/inch and 68 picks/inch, and 30s warp
and weft yarn counts, which was pre-shrunk finished and semi-blended. 24
sample fabrics were finished with different SMPs and were numbered 9, 11,
35–58. Only one fabric sample was untreated for comparison. From each
fabric sample, 12 specimens of area 15 ¥ 40 mm2 were cut, 6 from the warp
and 6 from the weft. Samples were then conditioned at 20 ± 2 ∞C and under
65 ± 2% RH for 24 hours. The wrinkle recovery angles of these samples were
evaluated by the wrinkle recovery angle tester according to the AATCC standard
testing method 66 (1998), in each case determining the average warp and weft
recovery angles and the sum of recovery angle from the warp and weft.
Table 9.1 shows the relationship between the wrinkle recovery angle, the
breaking strength, and the breaking stretch of fabrics. It is observed that not
all shape memory fabrics have improved wrinkle recovery angles. Only
samples 35, 36, 43, 44, and 50 have significant improvements on the wrinkle
recoveries from the 0.05 significance level. Breaking strengths of all the
shape memory fabrics are decreased. The decreases in strengths are from 5
to 15% relative to the untreated fabrics in which samples 40, 41, 44, 47, 50,
51, and 56 have the least influence. However, almost all the shape memory
fabrics have improved extensibility. Breaking stretches of the samples 43–
46 are over 10% which is greater than that of the untreated fabric (with
breaking stretch of 6.6%). Among those samples, samples 35 and 44 have
improved wrinkle recovery angles and breaking stretch percentage with the
least influence on reducing the breaking strength.
Not all shape memory fabrics have improved wrinkle recovery angles.
The breaking strengths of all shape memory fabrics are decreased, but the
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Table 9.1 The physical properties of shape memory fabrics and untreated fabrics
Sample
code

Wrinkle
recovery
angle
(AATCC 66)

Average
wrinkle
recovery
angle

Untreated fabric
9
11
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49–50
50
51
52
53
54
56
58

188
175
183.5
206.5
229
167.5
179
168.5
143
154
179
197
201
174.5
182
165
152
166
207
156.5
174
195
168
189
150

94
87.5
91.75
103.25
114.5
83.75
89.5
84.25
71.5
77
89.5
98.5
100.5
87.25
91
82.5
76
83
103.5
78.25
87
97.5
84
94.5
75

Breaking
strength
reserve
ratio (%)
100
88.39
87.05
93.8
84.82
90.18
87.5
89.73
101.34
98.66
93.75
88.77
96.52
89.04
92.78
95.54
89.29
99.11
84.82
96.43
93.30
88.84
94.64
95.54
89.29

Breaking
stretch
(%)

6.55
8.31
8.53
9.10
8.32
8.29
8.67
8.83
9.31
9.24
9.04
12.95
11.73
13.27
13.88
8.29
7.88
7.96
7.86
7.30
7.26
7.96
7.72
7.11
8.40

breaking stresses of almost all the shape memory fabrics are improved.
Nevertheless, there is no reference so far on the subjective/objective evaluation
methods for shape memory fabrics. In order to characterize the effects of
shape memory fabrics, objective evaluation of wrinkle recovery angles and
subjective evaluations of crease retention and fabric appearance can be
employed. However, the process based on the AATCC standard does not
involve the testing of fabrics in an environment where temperature is a
factor. Therefore, the experiment requires modification so that a temperaturecontrolled environment can be taken into account.

9.3

Subjective method for characterizing shape
memory fabrics

Shape memory fabrics exhibit the novel properties of thermosensitivity, adaptive
responses, super-elasticity capability, and air permeability. Fabrics finished
with SMPs can have a fixed deformation without external loading and recover
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their original shapes as the surrounding temperature changes. In order to
evaluate the thermosensitivity of polymers on fabrics, methods of characterizing
shape memory fabrics are required to evaluate the shape memory effect.
In this section, an experimental method will be proposed and a method
of evaluation will be established. The flat appearance and crease retention
of shape memory fabrics can be used as methods to characterize shape
memory fabrics.
The aim of this section is to provide a systematic investigation of the
method of characterizing shape memory fabrics by the flatness of their
appearance and retention of their creases after they have been immersed in
water. Two sets of samples were used for each of the following type of cloth:
woven cotton, silk, and ramie fabrics. One sample was finished with an SMP
and the other was not. All the samples were put through the four stages of
deformation, recovery, drying, and evaluation of flatness of appearance and
retention of creases. Shape memory effects can be presented in terms of the
subjective ratings of the recovered fabrics in terms of the flatness of their
appearance and retention of their creases.
The specifications of the cotton, ramie, and silk fabrics are given in Tables
9.2 and 9.3, respectively. Three types of fabrics were used to decide which
was the best potential fabrics for shape memory effects. The specimens of
each sample were divided into two sets. Set (A) was the crease sample and
set (B) was the flat sample, as shown in Fig. 9.4. Each set of samples
contained three specimens.
Table 9.2 Sample specifications of cotton, silk, and ramie
Fabric type

Structure

Specifications

Cotton
Silk
Ramie

Plain
Satin
Plain

30s ¥ 30s, 68 ¥ 68
14654 white crepe-black satin
21S, density 60 ¥ 60 bleached

Table 9.3 Sample specifications and details
Sample no.

Set type
(A)

Set type
(B)

Content

Shape memory
polymer

Cu
C1
C2
Su
S1
S2
R1
R2
R3

Crease
Crease
Crease
Crease
Crease
Crease
Crease
Crease
Crease

Flat
Flat
Flat
Flat
Flat
Flat
Flat
Flat
Flat

Cotton
Cotton
Cotton
Silk
Silk
Silk
Ramie
Ramie
Ramie

N/A
P1
P2
N/A
P3
P4
N/A
P5
P6
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Crease

Set (A)

Set (B)

9.4 Set (A) sample: creased shape; Set (B) sample: flat shape.

There were six specimens in each group of samples. Each group was
finished with different SMPs. The size of each sample was 20 ¥ 20 cm2. All
of the specimens were pre-conditioned at 20 ± 2 ∞C under 65 ± 2% RH for
24 hours before testing. The conditions for processing the samples are shown
in Table 9.3. The samples in Set (A) had a creased shape, which acted as an
indicator of the shape memory effect when its ability to retain creases was
evaluated. The samples in Set (B), in contrast had a flat shape, which acted
as an indicator of the wrinkle-free or shape memory effect of flat shapes
when the smoothness of the fabrics was evaluated.
There is only a small difference in practice between the finishing of flat
and creased fabrics. To chemically finish flat fabrics, a calculated amount of
SMP (different polymers with sample numbers) is added into a bath tank at
room temperature. The semi-finished cotton fabrics are padded twice through
a finishing bath containing SMPs with a wet pick-up of 100%. The padded
fabric is dried at 80 ∞C and then cured at 150 ∞C, respectively for 3 min. To
finish creased fabrics, the finishing procedures for padding and drying are
the same as in finishing the flat fabrics. After drying, the cotton fabrics are
ironed at 140 ∞C and under pressure 100 g/m2 for 30 s to form crease lines.
The fabrics are then hanged and cured at 150 ∞C for 3 min.
The shape memory fabrics are evaluated using the subjective method of
evaluation. In order to examine the effect of shape memory on crease retention
and on the appeared flatness of a fabric, both Set (A) and Set (B) should
proceed through the four stages of the experiments, as shown in Fig. 9.5(a)
and (b), and summarized in Table 9.4.
After drying, the creased samples were evaluated using the six sets of 3D
crease retention (CR) replicas of AATCC-88C, while the flat samples were
evaluated using the five sets of the 3D smoothness appearance (SA) replicas
of AATCC-124, shown in Fig. 9.5(a) and (b), respectively. As our experimental
design indicates the shape memory effect from the shape memory fabrics,
we have therefore newly defined the specific meaning of each grade in both
standards to show the shape memory effect, illustrated in Table 9.5. Eighteen
observations were made for each sample as there were three grades for each
of the three test specimens. The average unit was used as the value in our
experiment.
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Steel plate (1 kg)

Water

Original
shape
(crease)

(1) Deformed
shape
(make flat)

(2) Immerse
specimens into
water (50 ∞C)

(3) Drying

(4) Evaluate
specimens by using
3D crease retention
replicas of AATCC-88C

(a)

500 ml
container
(make wrinkle
5 min release
5 min)

Water tray
Original
shape
(flat)

(1) Deform
shape (make
wrinkles)

(2) Immerse
(4) Evaluate specimens
specimens (3) Drying by using 3D smoothness
in water
appearance replicas of
(50 ∞C)
AATCC-124
(b)

9.5 The principle of the experiment to evaluate the shape memory
effect of (a) creased shapes and (b) flat shapes.

Table 9.4 Four different steps to assess the shape memory effect
Stage

Actions applied

1

Deformation stage

2

Recovery stage

3
4

Drying stage
Evaluation stage

Deform the shape of the pre-set fabric shape (crease
shape and flat shape).
Provide heat energy from water with a temperature of
50 ∞C.
Dry the specimens without distorting the indicated shape.
Evaluate the samples of the fabric by using the AATCC88C (crease sample) and AATCC-124 (flat sample)
replicas.
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Indications

Crease specimens

Flat specimens

Crease
retention (CR)
(AATCC-88C)

Traditional
meaning

Newly defined
meaning

Smoothness of
appearance (SA)
(AATCC-124)

Traditional
meaning

Newly defined
meaning

CR-5

The best
crease
retention

The best shape
memory
effect on the
creased shape

SA-5

The smoothest
appearance

The best shape
memory effect on the
flat shape. The best
wrinkle free

The poorest
appearance

The poorest shape
memory effect on
the flat shape. The
worst wrinkle free

CR-4
CR-3
CR-2
CR-1

The poorest
crease
retention

No shape memory
effect on the
creased shape

SA-4
SA-3
SA-2
SA-1

Shape memory polymers and textiles

Table 9.5 Comparison of the newly defined indications of CR grading/SA grading and the traditional meaning of grading
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Shape memory effect estimated by crease
retention

Figure 9.6 shows a comparison of the shape memory effect on the three
types of fabrics according to CR. The results show that cotton fabrics have
a greater ability to retain creases than silk and ramie. This means that cotton
has a greater shape memory effect on the retention of crease retention than
the other two types of fabrics. As observed, the CR rating of cotton fabrics
was much higher than that of silk and ramie. It is possible that SMPs are
much more compatible with the nature of cotton than are silk and ramie.
Therefore, the ability of cotton to retain creases would be better as the SMP
recovers its original shape at 50 ∞C. When the PU recovers its original shape,
the fabric will recover its shape at the same time. However, this depends on
whether the finishing procedure is effective (finishing agents react closely
with the fabrics). The experiments showed that the shape memory effect on
the shape of creases was not great for silk and ramie.

9.3.2

Shape memory effect estimated by flatness
appearance

Figure 9.7 illustrates the shape memory effects on the flatness of the appearance
of the three types of fabrics. The experiment revealed that shape memory
silk fabrics are more likely to have a flat appearance than shape memory
cotton and shape memory ramie fabrics. Also, shape memory cotton has the
better shape memory effect on flatness of appearance than shape memory
ramie fabrics. However, among the three fabrics only shape memory cotton
shows shape memory effects because the flatness of its appearance is improved
after the fabrics are finished with SMPs.
6

CR rating

5
Original shape
Deform shape
50 ∞C

4
3

Recovery shape
2
1
0
Cu

C1

C2

Su
S1
S2
Sample number

Ru

R1

R2

9.6 Shape memory effect on crease retention among cotton, silk,
and ramie fabrics.
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6

SA rating

5
Original shape
Deform shape
50 ∞C

4
3

Recovery shape

2
1
0
Cu

C1

C2

Su
S1
S2
Sample number

Ru

R1

R2

9.7 Shape memory effects on flatness of appearance among cotton,
silk, and ramie fabrics.

The experimental result suggests that shape memory effects can be developed
in various fabrics. The characterization of shape memory effects on fabrics
can be presented by the crease retention and flat appearance of the fabrics.

9.4

Objective method for characterizing shape
memory fabrics

A fabric has a shape memory effect if it can go back to its original shape after
being triggered by an environment temperature change once the fabric has
been deformed. Many studies and results have reported the research on
SMPs on textiles. Hayashi et al.7,8 developed shape memory film, foam,
sheet, and fiber, which could enhance the fixity and shape recovery of materials.
Although there are some characterization methods for SMPs, now there is
no characterization method for evaluating the merit of shape memory fabrics.
Since these are responsive to the temperature change through some controlled
environments such as water, special experimental design for the recovery
stage of fabrics is specifically necessary for evaluating the fabrics. In order
to characterize the merit of shape memory fabrics, an objective evaluation of
fabric recovery must be applied. Therefore, the experimental method must
be designed so that it can be performed in water using a water tank and
temperature-controlled device.
The fabric that was not finished with SMP was measured using a wrinkle
recovery tester. Six specimens (40 ¥ 15 mm2) in each direction were prepared
and tested to obtain the average crease recovery angles. All test specimens
were conditioned for 24 hours in the standard atmosphere before testing. The
original angles of the flat fabrics on both the warp and weft were measured
and denoted as Of. The original angles of the crease fabrics on the warp and
the weft were measured and denoted as Oc. The samples were pressed under
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a 2 kg weight of size 21 ¥ 29.5 cm2 (3.2 kg/m2) for 24 hours for deforming
the shape subsequently. The flat samples are pressed with creases. The creased
samples are pressed flat. All samples were than stuck on the hangers as
shown in Figs. 9.8 and 9.9.
A water tank (Fig. 9.10) was used to provide a water medium for the
shape recovery process to the samples. The stuck samples were immersed in
water with temperature 60 ∞C ± 5 ∞C for 5 min. The samples were drip dried
at 20 ± 2 ∞C under 65 ± 2% RH for 24 hours. The shape memory angles of
these samples were evaluated by the wrinkle recovery angle tester as shown
in Fig. 9.1. In each case we determined the average value of shape memory
angles noted as Mf for flat fabrics and Mc for crease fabrics respectively.
The evaluation process as shown in Fig. 9.11 can be summarized by four
steps:
1
2

Evaluation of the original shape.
Shape deformation.

Hanger
L-shaped foil plate
Rubber tape
Pin

15 mm

9.8 A hanger contains 12 specimens.
Square table

Stands
Stands

Stands

Stands
Circular table
Rotation device
Circular table

9.9 Schematic of the frame for hanging samples.
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5 cm

Drain with valve

5.5 cm

Bottom tank

Thermometer

Hanger fixer

Thermostatic heater

Thermoregulator
12 ¥ 0.25 cm

1.5 ¥ 0.5 cm

9.10 Schematic of the water tank.
Concept
Original shape

Change shape

Recovery
process

Recovery shape

Investigation on crease recovery
Test fabrics

9.11 Evaluation process flowchart for shape memory effect on
fabrics.

3
4

Recovery process.
Evaluation of shape recovery.

The procedure used is given in Table 9.6.

9.4.1

Shape memory angle

Table 9.7 summarizes the original angles and shape memory angles for both
flat fabrics and creased fabrics, respectively in the warp and weft components.
It is observed that the original angles of flat fabrics are almost 179∞ and
crease fabrics are almost 36.7∞ on average. There is no significant difference
in original angles between the warp and weft fabrics compared with the
untreated fabrics. This is because the original angles of fabrics were set
during the finishing process and the difference between the warp and weft
fabrics is not significant.

Table 9.6 Experimental procedures for measuring shape memory angles
Description

Flat sample

Crease sample

1

Evaluation of the
original shape

∑

∑

Prepare a crease on warp and weft direction
respectively during finishing for shape
memory fabrics and untreated fabrics.

∑

Cut 6 warp and 6 weft specimens
with the crease line at the centre.
Measure the recovery angles (Oc) using the
crease recovery tester.

∑

6 warp and 6 weft specimens, each
40 mm ¥ 15 mm were cut from
the shape memory fabrics and the
untreated fabric respectively.
Measure original angle (Of) of the stripe
by wrinkle recovery tester.

∑
2

Shape
deformation

∑
∑
∑
∑
∑

Draw a crease line at the centre
of each specimen.
Fold at the crease line of each specimen
with a foil plate.
Use the foil plate to push the specimen
into a plastic holder to keep the crease in
position, and then remove the foil plate.
Use 3.2 kg/m2 weight to press the
specimens for 24 h.
Pull out the specimen after 24 h.

∑
∑

Lay of the specimens flat.
Use 3.2 kg/m2 weight to press the specimens
flat for 24 h.
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Step

Description

Flat sample

3

Recovery process –
in water

Wetting process
Pin the specimens into rubber tape in an L-shape hanger (Fig. 9.8), each hanger can contain
6–12 specimens.
∑ Pour the water into the water tank (Fig. 9.10).
∑ Turn on the power from the thermoregulator in the water tank to increase the water
temperature, and regulate to the required water temperature at 60 ± 5 ∞C, check
the temperature from the thermometer in the tank until the water temperature is 60 ± 5 ∞C.
∑ Put the hangers (Fig. 9.8) with specimens into the water.
∑ Fix the hangers in the hanger fixer of the water tank.
∑ Pick up the hangers after the specimens are immersed in the water bath for 5∞ min.
Drying process
∑ Hang the hangers with specimens onto the drying frame (Fig. 9.9).
∑ Set the drying time for 24 h in the condition room.
∑ Pick the specimens out.

Evaluation of
shape recovery

∑

4.

Crease sample

∑

∑
∑

Measure the shape memory angles Mf using
the wrinkle recovery tester (Fig. 9.1).
Compare the shape memory
angles (Mf) from the shape memory
fabrics and the untreated fabrics.
Compare the shape memory angles
(Mf) and the original angle (Of).

∑
∑
∑

Measure the shape memory angles Mc using
the wrinkle recovery tester (Fig. 9.1).
Compare the shape memory angles (Mc) from
the shape memory fabrics and the untreated
fabrics.
Compare the shape memory angles (Mc) and
the original angle (Oc).
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Table 9.6 Cont’d

Table 9.7 Original angles and shape memory angles of flat and crease fabrics
Flat fabrics

Creased fabrics

Warp

Weft

Warp

Weft

Sample
code

Original
angle

Shape
memory
angle

Original
angle

Shape
memory
angle

Original
angle

Untreated
fabric
9
11
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49–50
50
51
52
53
54
56
58

180

156

180

148

32

90

34

94

180
180
180
178
180
180
179
178
180
180
179
180
180
180
180
179
178
179
178
178
180
178
180
178

170
163
160
155
164
166
175
161
169
171
167
179
161
163
147
170
175
152
150
155
158
155
157
163

180
180
178
176
180
180
177
176
180
180
179
180
180
180
180
179
178
179
180
178
180
178
178
180

162
153
152
143
154
154
169
155
157
165
173
177
151
161
153
170
173
162
144
145
150
149
163
153

33
34
30
30
33
32
35
39
42
34
37
44
40
32
36
35
31
35
34
36
32
45
47
38

111
90
33
110
120
113
102
115
93
103
78
110
94
73
75
93
71
68
64
54
74
110
89
102

33
36
30
30
33
34
37
43
48
40
35
48
42
28
40
33
35
31
32
38
32
47
53
42

97
106
39
118
116
107
114
119
97
81
88
98
82
67
79
87
63
64
64
64
78
106
95
92

Shape
memory
angle

Original
angle

Shape
memory
angle
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It can also be seen that the shape memory angles of the flat fabrics are
smaller than that of the original fabrics and the shape memory angles of the
crease fabrics are greater than that of the original fabrics. The results are
highly dependent on the deforming process used in the experiment. During
the process of deformation, the original flat fabrics are deformed, so the
creases have smaller angles, and the original crease fabrics are deformed by
being flattened, so have larger angles; thus the recovery process can be
conducted and shape memory effect can be measured by shape memory
angles. Some deviations of shape memory angles are found between the
warp and the weft components. It may be due to the influence of fabric yarn
count, fabric construction, finishing process, and the effect of shape memory
polymers. The average data are shown in Table 9.8, in which the subjective
ranking of fabric appearance and fabric retention can be compared.

9.4.2

Shape memory coefficient

In Table 9.7, the average shape memory angles (Mf) from the warp and the
weft of the flat fabrics are compared with the subjective evaluation of the
fabric flat appearance. The average shape memory angles (Mc) from the
warp and the weft of the crease fabrics are compared with the subjective
evaluation of crease retention of fabrics. The subjective experimental methods
can be found in the papers by Li and Hu and co-workers.9,10 In the subjective
evaluation of flat appearance, rank 5 means a fabric has a good flat appearance
without any wrinkles; rank 1 indicates the fabric is very wrinkled. In the
subjective evaluation of crease retention, rank 5 means a fabric has a good
retention of a crease, rank 1 indicates almost no crease can be observed on
the fabric.
From Table 9.8, it is observed that there is a very high correlation between
shape memory angles and the results from the subjective evaluations. The
correlated coefficient square between the subjective evaluation of fabric
appearance and the shape memory angles of flat fabrics is 0.7.
The correlated coefficient square between the subjective evaluation of
crease retention and the shape memory angles of crease fabrics is 0.8.
Nevertheless, shape memory angles are not the best parameter to assess the
shape memory effect. The higher the flat recovery ranking, the greater the
shape memory angles on the flat fabrics, but the higher the crease retention
ranking, the lower the shape memory angles on the crease fabrics. In order
to evaluate shape memory effects in both cases effectively, equation (9.1) is
introduced, in which S% is defined as the shape memory coefficient. When
S% is high, it indicates that the fabric has a good shape memory effect, and
vice versa:
| O – Mf | ˆ ˘
È
Sf % = Í1 – Ê f
¥ 100
180 ¯ ˙˚
Ë
Î

(9.1)

Table 9.8 Shape memory angles, shape memory coefficient, and the subjective evaluation data (crease retention and fabric flat in appearance)
Flat fabrics

Creased fabric

Shape
memory
angle (Mf)

Shape
memory
coefficient

Ranking of flat
appearance
5 best, 1 poor

Original
angle (Oc)

Untreated
fabric
9
11
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49–50
50
51
52
53
54
56
58

180

152

84.44

2.5

33

180
180
179
177
180
180
178
177
180
180
179
180
180
180
180
179
178
179
179
178
180
178
179
179

166
158
156
149
159
160
172
158
163
168
170
178
156
162
150
170
174
157
147
150
154
152
160
158

92.22
87.78
87.15
84.18
88.33
88.89
96.63
89.27
90.56
93.33
94.97
98.89
86.67
90.00
83.33
94.97
97.75
88.70
82.12
84.27
85.56
85.39
89.39
88.27

3.2
3
3
2.3
3.3
3.3
3.5
3
3.3
3.3
3.3
3.5
3
3.3
2.5
3.5
3.5
3
2.5
2.5
2.5
2.5
3
3

33
35
30
30
33
33
36
41
45
37
36
46
41
30
38
34
33
33
33
37
32
46
50
40

Shape
memory
angle (Mc)

Shape memory
coefficient

Ranking of
crease retention
5 best, 1 poor

92

67.22

1

104
98
36
114
118
110
108
117
95
92
83
104
88
70
77
90
67
66
64
59
76
108
92
97

60.56
65.00
96.67
53.33
52.78
57.22
60.00
57.78
72.22
69.44
73.89
67.78
73.89
77.78
78.33
68.89
81.11
81.67
82.78
87.78
75.56
65.56
76.67
68.33

1
1
2.3
1
1
1
1
1
1
1
1
1
1
1.3
1.3
1
1.5
1.5
1.5
1.5
1
1
1
1
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where S% is the shape memory coefficient,
M is the shape memory angle,
O is the original angle,
f is the flat fabric,
c is the crease fabric.

Ranking of wrinkle appearance

From Table 9.8, a very high correlation was found between the shape
memory angles and the results from the subjective evaluations. From flat
fabrics, it can be seen that the correlated coefficient square of shape memory
coefficients (Sf%) and shape memory angles (Mf) is 0.98. From creased
fabrics, it can be seen that the correlated coefficient square of shape memory
coefficients (Sc%) and shape memory angles (Mc) is 0.91. As a result, S%
can be used as an alternative way to evaluate the shape memory effect on
fabrics. Figure 9.12 shows the relationships of S% to the subjective evaluations
of the fabric’s flat appearance and the fabric crease retention, respectively.
As far as S% is concerned, it is found that both rankings of fabric flat
appearance and fabric crease retentions are positively correlated with shape
memory coefficients. The liner correlation coefficient between Sf% and the
subjective evaluation of fabric flat appearance is 0.88 in flat fabrics. The
liner correlation coefficient between Sc% and the subjective evaluation of
fabric crease retention is 0.79 in crease fabrics. It is very interesting to find
that when Sc% is lower than 70, the ranking of fabric crease retention ranking
is 1 (cannot retain the crease). When Sc% is over 70, the ranking of crease
retention increases. In Fig. 9.13, a linear relationship exists with a very high
correlation coefficient of 0.95 between Sc% and the fabric crease retention
ranking when the Sc% is greater than 70 on the crease fabrics.
4.0
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y = 0.074x – 3.6014
R2 = 0.7831

2.0
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9.12 Relationship between subjective evaluation of fabric flat
appearance and shape memory coefficient (Sf) on flat fabrics.
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R2 = 0.9005
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1.0
0.5
0
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70

80
90
SM coefficient

100

110

9.13 Linear relationship between ranking of fabric crease retention
and shape memory coefficient on crease fabrics.

Not all the samples of shape memory fabrics can possess the properties of
good recovery to flat appearance and crease retention at the same time. Most
shape memory fabrics can either recover to a flat appearance or retain the
crease with satisfactory levels. The improvement of a flat appearance or
crease retention of shape memory fabrics also needs existing untreated fabrics
to be taken as the lower limit for the evaluation. A fabric that has a good
shape memory on both recovery of flat appearance and crease retention
should have S% of over 70 depending on the tightness of the standard; S%
should be greater than the untreated fabrics. Figure 9.14 shows the shape
memory effects of different fabrics in terms of S% on both fabric flat appearance
and crease retention. It can be observed that only sample 35 has Sf% = 87
and Sc% = 97 respectively, which are greater than the untreated fabrics Sf%
= 84 and Sc% = 67 respectively and the shape memory coefficients are both
greater than 85. As a result, sample 35 has relatively better shape memory
effect on both recovery to flat appearance and crease retention than other
shape memory samples.

9.5

Effect of temperature on shape memory effect

Shape memory fabrics finished with SMPs can fix the deformation without
external loading and recover their original shapes by a recovery process of
changing the surrounding temperatures of the fabrics. In order to evaluate
the thermosensitivity of the polymers on fabrics, characterization methods
for shape memory fabrics are needed to evaluate the shape memory effects.
This section uses fabric crease recovery angles to characterize the shape
memory effects on fabrics in water and air with different temperatures. Different
SMPs finished on woven cotton fabrics will be used and the results of
temperature sensitivities of shape memory fabrics will be discussed in different
media.
SMPs can be responsive, or have shape memory effects, only to an
environment with a favorable temperature. The objective of this section is to
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9.14 Shape memory coefficients for indicating the shape memory
performance on flat appearance and crease recovery of different
fabrics.

find out whether shape memory fabrics are also responsive to the temperature
change to the surrounding environment. If the answer is yes, to what extent
and in which media (water or air) are the shape memory fabrics sensitive to
the change? The shape memory fabrics made of cellulose fibers (cotton) was
investigated and put in the water or air chambers for a fixed time. Different
temperatures on different media were set for the testing and the crease recovery
angles of fabrics were measured at different temperatures. The results of the
crease recovery angles at different temperatures are provided.
A woven fabric, 100% cotton sheeting with 30s ¥ 30s, construction 68 ¥
68, weight 135 gm/m2 was used to prepare the samples. It was pre-shrunk
finished and semi-bleached. One sample fabric was untreated and five sample
fabrics were finished with SMPs, nos. 9 and 11, respectively. From each
fabric sample, six 15 ¥ 40 mm2 specimens were cut, in which three were
from the warp direction and three from the weft direction. Samples were
then conditioned under 21 ∞C and 65% RH for 24 hours. A crease was
made on each specimen by pressing it under a weight for 5 min. The aim
of the experiment was to measure the recovery ability of a fabric after it is
put in an environment for a certain time. In a water medium, a fabric was
immersed in water with a fixed temperature for 5 min, and drip dried for
24 hours in the condition room. The recovery angle was then measured. In
air, a fabric was put in the temperature chamber with a fixed air temperature
for 24 hours. The recovery angle was then measured. The wrinkle recovery
angles1–3 of these samples were evaluated by the wrinkle recovery angle
tester according to AATCC method 66 (1998); in each case the average value
was determined. Different temperatures were adopted for each experiment in
different media.
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Fabric shape memory effect in water

From Fig. 9.15, it was found that the wrinkle recovery angles of the fabrics
that have been immersed in water were greater than the wrinkle recovery
angles of the fabrics that have not been immersed in water. Fabrics are
relaxed in water and recover their original shape more easily after a water
bath. Untreated fabrics did not show significant difference in recovery angles
owing to the change of water temperatures.
In contrast, there was a significant change of crease recovery angles on
both samples 9 and 11 which were finished with SMPs. Sample 9 showed no
significant change of recovery angles when it was placed in water at
temperatures of 20 and 40 ∞C. However, when the temperature was increased
to 60 ∞C, the wrinkle recovery angles of sample 9 increased. Further increases
in water temperature to 80 ∞C caused the wrinkle recovery angles to decrease.
Sample 11 was responsive on temperature change. When it was put into
water at 20 ∞C, wrinkle recovery angles begain to increase. Recovery angles
further increased when the temperature was increased to 40 ∞C. Further increases
in water temperature did not cause sample 11 to have any significant increases
in crease recovery angle. From samples 9 and 11, it can be seen that shape
memory fabrics had the best shape memory effects when the water temperature
was high. However, the shape memory effects did not have further significant
increase when the water temperatures reached an optimum. In this experiment,
the optimal temperature for sample 9 was 60 ∞C and for sample 11 it was
40 ∞C. Therefore, shape memory fabrics were responsive to the change of
temperatures in water. The recovery performance was the best when the
water temperature increased to 40–60 ∞C.

Crease recovery angle

170.0
160.0
150.0
140.0
130.0
120.0

Untreated
Sample 9
Sample 11

110.0
100.0
Not
immersed

20

40

60

80

Temperature of water (∞C)

9.15 Crease recovery angles against different temperatures.
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Fabric shape memory effect in air

In the investigation, the shape memory effects of the fabrics were characterized
by the wrinkle recovery angles. Fabric samples were put into an air chamber
at 65% RH in which the temperatures varied from 15, 25, 40 to 60 ∞C and
the wrinkle recovery angles were measured at different temperatures.
From Fig. 9.16, it can be seen that the wrinkle recovery angles of the shape
memory fabrics (samples 1–10) were greater than the recovery angles of the
untreated fabric (U), indicating that shape memory fabrics had better wrinklefree effects than the untreated fabric. When the air temperature increased, it
was found that the untreated fabrics did not have a significant increased in
the crease recovery angles. However, the recovery angles for most of the
shape memory fabrics increased when the air temperature increased. The
optimum temperature for the crease recovery of shape memory fabrics was
60 or 80 ∞C.
Therefore, shape memory fabrics had different responses to different
temperatures in the air chamber. The recovery performance was best
when the air temperature increased to 60 or 80 ∞C. Compared with the shape
memory fabrics in water (optimum shape memory effect at 40–60 ∞C), shape
memory fabrics in the air chamber illustrate good shape memory effects at
a comparative higher temperatures (optimum shape memory effect at 60
or 80 ∞C).

165
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Crease recovery angles
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140
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U
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40
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80

9.16 Plot of wrinkle recovery angles against different temperatures in
the hot chamber.
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Conclusion

This chapter concludes that a new evaluation method has been developed for
characterizing the shape memory fabrics. Accordingly, a shape memory angle
has been defined and the shape memory coefficient (S%) has also been
established for evaluating the performance of shape memory fabrics.
It was observed that not all the shape memory fabrics have improved
wrinkle recovery angles. There is no correlation between the wrinkle recovery
angle and the shape memory angle. A shape memory fabric with a good
wrinkle recovery angle might not have a simultaneously good shape memory
angle. Highly correlated coefficients are obtained between the shape memory
angles and the results from the subjective evaluations of the recovery of a
flat appearance and crease retention in fabrics.
Nevertheless, shape memory angle is not the best parameter to evaluate
the shape memory effect. The shape memory coefficient (S%) can provide
an empirical solution for evaluating the shape memory effect on both the
recovery of a flat appearance and the crease retention of the fabrics. The
higher the shape memory coefficients possessed by fabrics, the better is their
shape memory effect.
Last, fabric having a good shape memory on both the recovery of a flat
appearance and crease retention should have an S% of over 75, depending
on the tightness of the standard. Its S% should also be greater than that of the
untreated fabrics. In the samples used in this study, only a few samples
satisfied these two criteria; sample 35 was one of them. Sample 35 performed
well on both shape memory effect and other properties (wrinkle recovery
angle, breaking strength, and breaking stretch). It was also found that
almost all of the shape memory fabrics showed an improvement in breaking
stretch.
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10
Shape memory textiles

Shape memory materials have been developed principally for biomedical
and engineering applications. These applications include micro-actuators,
vascular stents, orthodontic archwires, and aerospace. The use of these materials
in textiles has tended to concentrate on their functional aspect; for example,
functional garments that need no ironing. This chapter discusses the application
of shape memory materials, with emphasis on SMP, to textiles such that the
fabrics will interact with the change of environment. The technology for
spinning the SMP, physical characterization of shape memory fibers, and
comparison of the shape memory effects between fibers and thin films are
reviewed in the first half of the chapter. They form the essential component
in fabrics (by interspersing with other yarns when they are woven or as a
membrane laminated with fabrics) so as to make the fabrics functional. The
methods of engineering the behavior of fabrics constituted from shape memory
materials are then discussed and design applications based on manipulation
of shape memory are highlighted. The chapter ends by discussing the use of
SMPs in other areas.

10.1

Shape memory fibers

10.1.1 Development of shape memory polyurethane
(SMPU) fiber
In recent decades, SMPs have emerged as the key smart material developed
widely in both academia and industry for their low cost, good processing
ability, high shape recoverability, and large range of shape recovery
temperatures compared with shape memory alloys.1,2 Several polymer systems
have been reported to possess shape memory properties such as transpolyisoprene (TPI), poly(styrene-co-butadiene), and polynorbornene. The
most readily available is segmented polyurethane (PU) which has aroused
much attention since the Nagoya Research and Development Center of
Mitsubishi Heavy Industry (MHI) developed a series of functional polymers.3
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Foremost among the reported microscopic structures on segmented SMPU
systems is the two-phase heterogeneous structure, which consists of a rigid
fixed phase and a soft reversible phase. According to the mechanism of
shape memory effect, the reversible phase, with melting or glass transition
temperature of the soft segments as the transition temperature, is used to
hold the temporary deformation, whereas the fixed phase refers to the hard
segments covalently coupled to the soft segments. The fixed phase inhibits
the plastic flow of the chains by having physical or chemical cross-linkage
points between them that are responsible for memorizing the permanent
shape.4–12 Once the permanent shape has been stabilized with the fixed
phase, it can be memorized and recovered automatically with the trigger of
heating from the temporary deformation, which could be tentatively retained
below the switch temperature.
In the linear segmented PU system, the strong intermolecular force among
the hard segments results from their possessing high polarity and hydrogenbonding effect due to the presence of urethane and urea units. The shape
memory effect of PU therefore is influenced by the hard segment content
(HSC) and the moiety of its molecular structure.4,7,9 In addition, it is reported
that soft segment content (SSC), its molecular weight, and morphological
structure play significant role on the shape memory effect.4,8 When conducting
research on SMPU, these parameters are paramount in controlling the shape
memory property in general. This in turn, provides a mean to control the
measurable shape recovery and shape fixity ratio in particular.
As for the application of PU in textiles, the development of polyurethane–
urea-based elastic filaments (Spandex) is based on the diisocyanate polyaddition
process discovered by Bayer and co-workers in 1937,13 and the progress in
fiber spinning technology caused remarkable progress in the production of
textiles with elastic characteristics imparted by the outstanding properties in
such filaments. Compared with rubber filaments of high elasticity, Spandex
shows higher tensile strength (tenacity) of 9–13 cN/tex, quick relaxation,
and a wide range of linear density between 11 and 2500 dtex.14 Non-elastic,
hard fibers such as Nylon-6 or polyester filaments can be characterized with
the very small elongation at break, very high tensile strength, and modulus.
Spandex provides the desired stretch effect with high enough elongation at
break of 500–600% depending on the molecular weight of the soft segment
(between 1000 and 3000). Moreover, the high value of the recovery ability
(90%)15 after having been elongated several times, which represents the
elastic properties of the yarn and the flat shaped product, broadened the
application of Spandex in more and more textile productions, such as woven
fabrics, swimwear, sportswear, ladies’ hosiery, corsetry, and medical hosiery,
though Spandex mostly was combined with other yarns through patterns of
co-twisted, covered, core-spun, or co-tangled. Therefore, it is easy to notice
from the aforementioned that the synthetic filaments may be attributed to
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two species: one is of high tensile strength and modulus, but low elongation
at break and high elastic recovery with only minor deformation such as
Nylon-6;16 the other one is of very low initial modulus, very high elongation
ratio at break, and nearly complete elastic recovery after stretching such as
Lycra. In work done at the shape memory textile center, the heating responsive
shape memory effect was expected to be introduced into the multi-filaments,
to cause the deformation to be recovered by heating above the transition
temperature, and meanwhile making it possess relative high initial modulus,
applicable elongation ratio, and strength at break (the last factor is most
relevant to knitting processes).
It is worth noting that the advantage of the elastic recovery of Spandex
was manifested with the repeated stretching test at the normal temperature of
use, and is due to the micro-phase separation: a flexible macro-diol soft
segment and a rigid crystalline hard segment composed of diisocyanate and
short chain extender.13 Among the segments, the hard components impart the
physical cross-linking network to the macromolecular system through
intermolecular hydrogen bonds between neighboring PU or urea chains instead
of covalent bonds. Therefore, in stretching process, the long, disordered
flexible soft segments with low glass transition are responsible for high
stretchability; meanwhile, the hydrogen bond bridges among the hard segments
prohibit the intermolecular slip movement. After releasing the restraint to
deformation, the hard segment matrix can cause the yarn to spring back to its
original length. In the center’s study about shape memory fiber, with respect
to the related study,7–9,17 we synthesized the SMPU through controlling the
soft segment length and hard segment content so as to fabricate the SMPU
filaments possessing the soft segment glass transition temperature close to or
higher than body temperature. Moreover, at the room temperature, the modulus
of such filaments is higher than the traditional elastic filaments, which is
caused by the high glass transition temperature of soft segment-rich phase.
In this way, the shape memory effect could be successfully introduced into
the PU fiber.
In the preparation of SMPU fibers, the PU with various hard segment
contents used in this study were synthesized respectively using the prepolymerization method beforehand by using poly-diols, diisocyanate, and
chain extender. Solid concentration of the final PU solution in DMF was
adjusted in the range of 20–30 wt% to satisfy the requirement for viscosity
in a wet spinning process. For wet spinning, the polymer solution was filtered
and degassed at 100 ∞C. Fibers were produced on a spinning machine which
was designed as shown in Fig. 10.1. Under the pressure of the compressed
nitrogen, the SMPU solution was extruded from a spinneret with 30
0.08 mm diameter pinholes into a coagulation bath (water) at a spinning
speed of 6 m/min. The coagulated fibers were taken up on to a group of rolls
at 10 m/min and then were passed through a water bath, and rinsed further.
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To recovery

10.1 Schematic showing wet spinning process for preparing SMPU
fibers.

Then the rinsed fibers were passed through a hot chamber to be dried.
Subsequently, the dried fiber was wound up by a winder. The initial fibers
obtained were then obtained. Further treatment such as thermal setting with
a heating roll or hot air oven at a certain temperature could be employed to
improve the quality of SMPU fibers.

10.1.2 Mechanical and thermal properties of SMPU fiber
Mechanical properties
As shown in Fig. 10.2, it can be observed that nylon and polyester show
similar characteristics in which the fiber is of high tenacity and very low
elongation ratio at break, which is caused by the nature of the predominant
crystalline phase, the overall orientation and strong intermolecular forces of
hydrogen bonding in polyamide,18 and the high crystallinity and orientation
of molecular chain in polyester.19 Instead, for the Lycra and XLA fiber, the
elongation ratio at break can reach ~500–600% with the sufficient tenacity
for the knitting process. According to the structural principles of fiber-forming
polymers,18 the tensile strength should be around 5 g/den (4.41 cN/dtex) at
least and the elongation to break should not be below 10% but, depending on
the use, may have values up to 35% with favorable influence on the
performance. Compared with the commercially produced fibers, the untreated
SMPU fibers possess the medium mechanical properties whether in tenacity
or in elongation. (PU copolymers are designated by two alphabet letters
followed by numbers. The letters denote the samples belong to PU; the
number represents the hard segment content. For wet spun SMPU fiber after
thermal setting treatment, samples are designated with the same sample code
as that of polymer samples, only followed by a hyphen and the value of
thermal setting temperature such as PU56-90, in which ‘90’ indicates that
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the thermal setting temperature is 90 ∞C. The fibers without thermal setting
treatment are designated with PU56 (untreated) and PU66 (untreated)
respectively.)
With respect to the existence of the draw ratio between the drying rolls at
60 ∞C and winding rolls at room temperature in wet spinning, it is necessary
to release the SMPU fibers with a suitable thermal setting process. The
internal stress and strain reserved in the molecular chain could be released
through heating on the hot surface of a series of rolls in the thermal setting
process. From Table 10.1, it is noticeable that the thermal setting temperature
has huge influence on tenacity and maximum elongation ratio of the SMPU
fiber studied: for the sample with 56 wt% hard segment, when the thermal
setting temperature is 120 ∞C, the elongation ratio can be increased from
60.62% of the untreated sample to 204%; the tenacity is depressed a little bit
with the increase of thermal setting temperature. For the sample with 66
wt%, the same trend can also be clearly seen: the higher thermal setting
temperature, the higher maximum elongation ratio can be achieved; meanwhile,
with the treatment at higher temperature, the tenacity was decreased a little
but still capable of withstanding the knitting process.
From the practical viewpoint, the elastic modulus at various elongations
is of much greater importance than the ultimate properties such as tenacity
and elongation ratio at break,16 which is usually considered to make the fiber
undergo the knitting process. Thereby, a stress–strain diagram of the SMPU
fiber and the various synthetic fibers was drawn to show the difference
between the SMPU fibers and other synthetic fibers. The result is shown in
Fig. 10.2 and suggests that, the stress–strain curve of the SMPU fiber is
located between the high-modulus fiber such as nylon and the high-elasticity
fiber such as Lycra; for stress–strain behavior, the influence of thermal setting
is found to be greater than the HSC in the range of HSC used in this study;
the thermal setting with a higher temperature will give rise to the lower
Table 10.1 Mechanical properties of synthetic fibers
Sample code

Linear
density (tex)

Max
strain (%)

Loading at
break (cN)

Tenacity at
break (cN/tex)

Polyester
Nylon-6
Lycra
XLA
PU56 (untreated)
PU56-90
PU56-120
PU66 (untreated)
PU66-90
PU66-120

7.80
7.80
23.33
4.44
10.38
10.60
9.70
10.70
13.10
15.60

18.30
34.00
600.00
534.00
60.62
101.00
204.00
35.00
110.50
176.20

248.60
325.70
114.50
47.90
65.00
115.00
85.00
156.00
136.80
127.00

31.87
41.76
4.91
10.78
6.31
10.80
8.80
14.61
10.40
8.10
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modulus and tenacity and the higher maximum elongation ratio in these two
series of SMPU fibers. Furthermore, the yield points of the SMPU fiber can
be observed at the strain at around 5% and the higher the hard segment
content in the SMPU fiber, the higher the yield strength.
Thermal properties analysis of SMPU fiber
As shown in Fig. 10.3(a), when the fiber samples PU56 (untreated) and
PU66 (untreated) were heated in the first heating scan from –70 to 240 ∞C,
the transition region can be observed in the range from 0 to 50 ∞C.
The melting point of crystallization of hard segments was hardly detected. In
the subsequent cooling scan, PU56 and PU66 show the crystallization
exothermal peak at 124 and 135.8 ∞C respectively with the crystallization
enthalpy of –2.98 and –6.47 J/g respectively, suggesting that the PU with
higher HSC shows the stronger crystallizability. Correspondingly, the melting
peak of hard segments appears in the second heating scan at 155.6 and
187.1 ∞C for PU56 and PU66, which indicates that the crystallization of hard
segment in the SMPU fibers cannot be formed in the wet spinning process,
but can be induced by heating to a certain temperature. This result elucidates
that the suitable thermal processing might be used to further adjust the
mechanical properties of SMPU fibers with improving the crystallization of
hard segments. Therefore, the PU56 series SMPU fibers were chosen to
study the influence of thermal setting on hard segment crystallization with
DSC, because the crystallization exothermal peak of PU56 (untreated)
(124 ∞C) is very close to the thermal setting temperature. However, from
Fig. 10.3, comparing untreated SMPU fiber and SMPU fibers after thermal
setting treatments at 90 and 120 ∞C, it can be seen that the variation of the
crystallinity of hard segments is not as significant as that observed in the
second heating scan for untreated SMPU fibers shown in Fig. 10.3(a). It is
an indication that the thermal setting in the temperature used has little influence
on the hard segment crystallization, which might be due to the very short
period of thermal setting, which is insufficient for the movement of molecular
chains to form a crystalline structure. In addition, in the second heating scan,
the glass transition region can be observed clearly in the heating scope from
0 to 50 ∞C, which is expected to be the switching temperature for the shape
memory functions.
Dynamic mechanical analysis of SMPU and other synthetic fibers
With the investigation of DMA, the elastic modulus (E¢) in the normal
temperature range for a variety of synthetic fiber is demonstrated in Fig.
10.4. In order to compare the different types of fibers, the elastic modulus
was normalized with the linear density of fibers. Therefore, the extent of
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10.3 (a) Differential scanning calorimetric analysis of SMPU fiber.
(b) Heating scan of PU56 series SMPU fibers.
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10.4 Comparison of elastic modulus between SMPU fiber and various
synthetic fibers.

variation of E¢ in the heating scan could be illustrated. The resulting data
show that the main difference between SMPU fiber and conventional synthetic
fibers is the variation of E¢ in the normal temperature range. For SMPU
fibers such as PU56-120 and PU66-120, the variation of E¢ is very significant.
Namely, when the temperature is increased above the Tg, the E¢ will sharply
decrease and the platform will appear and be extended to above 180 ∞C.
However, for other types of synthetic fibers such as polyester and Lycra,
although in the entire heating scan range, there are sharp transition area of
E¢, such as –40 ∞C for Lycra, the elastic modulus is nearly constant and there
is little change with the increase of temperature in the room temperature
range. Therefore, this factor imparts the heating responsive character to the
SMPU fibers in the normal temperature range, which introduces the unique
shape memory effect to such a functional fiber.
Figure 10.5 shows the effect of thermal setting temperature on dynamic
mechanical properties, suggesting that, in the PU56 series, with the
increase of thermal setting temperature, the modulus ratio of below and
above the transition temperature is increased significantly and the transition
point decreases from 53.3 to 29.1 ∞C, which is reflected by the peak of
tan d ; in the PU66 series, after thermal setting with various temperature, the
elastic moduli below and above the transition temperature all decrease a
little and the transition points are little influenced, as listed in detail in
Table 10.2.
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10.5 Effect of thermal setting temperature on elastic modulus E¢ and tan d.
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Table 10.2 Glass transition of SMPU fiber
determined from the tan d peak
Sample code

Tg(∞C)

PU56 (untreated)
PU56-90
PU56-120
PU66 (untreated)
PU66-90
PU66-120

53.3
53.3
29.1
63.6
60.6
64.1

10.1.3 Shape memory effect and thermal shrinkage of
SMPU fiber
Thermal shrinkage of SMPU and other synthetic fibers
Manich et al.20 studied the deformation under periodic stress of various
types of polyester yarn, in which the mean expansion test can be determined
from the average curve of yarn deformation as a function of temperature. In
the center’s study, considering the existence of internal stress, the fibers
mainly tend to shrink under increasing temperature. DMA is used to
quantitatively investigate the shrinkage ratio at heating process; meanwhile
the influence induced by thermal expansion is tentatively ignored. Shrinkage
ratio as a function of increasing temperature for PU56, series, PU66 series,
and other traditional synthetic fibers were detected in this way and the resulting
data are shown in Fig. 10.6.
The untreated SMPU fibers such as PU56 (untreated) and PU66 (untreated)
show the same trend when heated to 50 ∞C: the average shrinkage under
periodic stress at high temperature will happen abruptly and the decreased
deformation can reach 40–50% of the original length of the fibers. After that,
when the heating continues, the shrinkage will proceed more slowly. But,
after thermal setting treatment, such as in PU56-120 or PU66-120, the shrinkage
ratio begins to appear but with a gentle rate when heating to 50 ∞C, which
indicates that the thermal setting process can significantly eliminate the
internal stress stored in SMPU fibers, subsequently decrease the shrinkage
ratio at heating process. Thermal setting at a lower temperature such as
90 ∞C reduces internal stress less than a higher temperature. As for other
traditional fibers, such as polyester, nylon-6 and Lycra, the dimensional
stability is sufficient in the range from 0 to 100 ∞C, which could be characterized
from the average deformation under periodic stress. The average shrinkage
ratio of these fibers is below 5%.
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10.6 Thermal shrinkage ratio under periodic stress detected by DMA.
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Shape memory effect of SMPU fiber
Among the investigation of shape memory effect of SMPU film, the cyclic
tensile test as shown in Fig. 10.7 is the commonly used one according to the
literature.4,9,10,21 Moreover, based on the research result about the shape
memory effect of SMPU film, it can be concluded that the existence of the
irreversible strain and recovery trend offered by the hard segment network
give rise to the shape recovery ratio and shape fixity ratio, which are quantities
determined to describe the shape memory properties of the materials. The
irreversible strain ep observed from the initial point of the second tensile
cycle as shown in Fig. 10.7 is interpreted as the destruction of weak netpoints
followed by an increasing formation of an ideal elastic network. Therefore,
in an SMPU film, after temporary deformation, the shape recovery is hard to
achieve completely. However, for the SMPU fiber, it is worth noting that the
internal stress stored in the fiber will cause thermal shrinkage, which will
lead to a decrease in the original length of the fiber sample in the heating
process. So, in the cyclic tensile test procedures, the effect of thermal shrinkage
on the shape recovery of SMPU fiber might be the opposite of the effect of
irreversible strain.
In cyclic tensile programming, however, the deformation is usually
conducted at a temperature higher than the switching temperature and then
the deformation can be fixed in the cooling process. The advantage of
deformation at higher temperature was explained by the fact that the SMPU
film will possess a lower elastic modulus and be readily shaped at a higher
temperature. But if the switching temperature is higher than room temperature,
with respect to the practical application, the deformation probably happens
at a temperature lower than the switching temperature, especially at around
room temperature; for example the wrinkling smoothing of the cloth. As far
as the effect of deformation temperature on the shape memory properties is

2
5

Stress, s

1

3

4
ep

Strain, e

em

10.7 Schematic representation of the cyclic tensile investigation:
➀ stretching to em at Thigh; ➁ cooling to Tlow while em is kept constant;
➂ clamp is moved back to original point; ÷ clamp locating in e = 0%,
the deformed sample is heated to Thigh; ➄ start of the second cycle.
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concerned, some researchers have reported the related conclusion as follows:
Hashimoto and co-workers22 studied the shape fixity and recovery with
various loading temperature and concluded the shape fixity and recovery
ratios at loading temperature (Tg of –20 K) below the switching temperature
are poor compared with those at higher temperature (Tg of + 20 K), but the
loading at low temperature has an economical advantage; in a study about
SMPU film,23 the dependency of the recovery ratios on the deformation
temperature was investigated and the results indicate that if the deformation
occurs at a temperature below Tg –20 ∞C or above Tg + 80 ∞C, then the shape
memory effect should be satisfied. However, the situation may be different
for SMPU fibers.
With respect to the practical application and the transition temperature of
SMPU fiber prepared in this study, the SMPU fiber is deformed at room
temperature and is heated to 75 ∞C with the cyclic tensile method to
quantitatively evaluate the shape memory effect. According to the
aforementioned, in the heating process, there will be two opposite trends:
irreversible strain caused by incomplete shape recovery and thermal shrinkage.
The shrinkage ratio in the heating process decreases significantly for the
two series of SMPU fibers after thermal setting treatment as shown in
Fig. 10.6. Therefore, it is expected that the irreversible strain will be
counteracted to different degrees, which will subsequently change the shape
memory properties.
Figure 10.8 demonstrates the stress–strain behavior of the cyclic tensile
test for the PU66 series of SMPU fibers, together with the cyclic dependence.
Just as the testing result of SMPU film in the literature,4,22,24 the stress–
strain curve is mostly confined to the first cycles and no more obvious
changes can be observed in further cycles. Considering the low value of the
elongation ratio at break of PU66 (untreated), the maximum strain in cold
drawing is set to only 33% and it can be observed that after the first cycle,
the length of fibers will decrease immensely and be shorter than original
length, suggesting that thermal shrinkage is the dominant factor affecting the
shape recovery process. For the samples treated with thermal setting such as
PU66-90, the trend of thermal shrinkage is weaker. After the first stretch
cycle, the start point moves from –10 to –15%, which means the length of
the fiber is shortened by nearly 10%. For PU66-120, the extent of thermal
shrinkage in the heating process is minimal in this series of SMPU fibers.
The fiber can recover completely and heating to 75 ∞C can facilitate the
achievement of the thermal responsive recovery after deformation (50%),
which can be explained by the counteraction effect induced by two opposite
factors: irreversible strain and thermal shrinkage. Moreover, the fixity ratio
of PU66-120 is around 70%, which is higher than that of PU66-90.
As shown in Fig. 10.9, in the PU56 series of SMPU fibers, the same trend
can be observed: PU56-120 possesses the complete thermal responsive
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10.8 Cyclic tensile test for PBA66 series of SMPU fibers.
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10.9 Shape memory effect investigated with cyclic tensile test for
PU56 series of SMPU fibers.

recovery; the recovery of PU56-90 is controlled mainly by the thermal shrinkage
which causes shortening of the length; the fixity ratio for the PU56 series can
be increased with an increase of thermal setting temperature. It should not be
ignored that the stress at 50% elongation is lower in SMPU fibers treated
with higher temperature, which is consistent with the trend of evolution of
the tensile module shown in the stress–strain curve. All in all, after thermal
setting at higher temperature, some of the internal force is released and
complete thermal responsive recovery can be obtained from the SMPU fibers,
though the fixity ratio might be not satisfactory for some application areas.
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The opposing effect between irreversible strain and thermal shrinkage may
also be used in the further post-treatment of SMPU fibers before the weaving
process.

10.1.4 Comparison between SMPU fiber and film with
different hard segment contents
Thermal properties of SMPU with different hard segment contents
As previously reported, SMPUs, have been synthesized with various materials
(Table 10.3)1,4,6–9,17,25,26 Theoretically, the reversible phase of an SMPU can
be either amorphous or crystalline and the shape memory temperature
correspondingly can be either glass transition temperature or melting
temperature. SMPUs with an amorphous reversible phase are employed.
Takahashi et al.9 synthesized an SMPU with PEA-600 as soft segments and
MDI/BD as hard segments. It was reported that the Tg values were dependent
on the molecular weight of polyester diols and HSC. However in that paper,
the authors did not clearly point out the shape memory temperature.
As revealed in Fig. 10.11, the SMPUs all show two glass transitions and
a melting transition. The detailed values of the transition temperatures are
Table 10.3 SMPU spinning solutions

SMPU-1*
SMPU-2
SMPU-3

Hard segment content
of SMPU (wt%)

Concentration of
SMPU solution (wt%)

Viscosity of
solution (cPs)

55
60
65

26.0
28.2
28.5

380
410
490

*Varieties of SMPU fibers encoded as SMPU-X containing different hard segment content of 50%,
55% and 60% were prepared.
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10.10 DMA tests of SMPU fibers.
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10.11 DSC tests of SMPU fibers.

shown in Table 10.4. According to Takahashi et al.,9 Tg1 and Tg2 are attributed
to the glass transition of soft segments and hard segments, respectively while
Tm represents the melting of the hard-segment-rich phase. As Fig. 10.9 shows,
dynamic mechanical analysis proves that the SMPU exhibit thermal transition
at about 50 ∞C. This transition is ascribed to the glass transition of hard
segments. Lendlein and Kelch discussed the possibilities of the transition
temperature of the block copolymers with thermally induced shape memory
effects in their review.1 Here Tg2 is assumed to serve as the shape memory
temperature.
Mechanical properties of SMPU fiber with different hard segment
contents
The mechanical properties of the SMPU fibers were examined through tensile
tests at room temperature. As shown in Table 10.5, with increasing HSC in
the SMPU, the strength and initial modulus of the SMPU fiber are enhanced,
but the elongation at break exhibits an inverse tendency. It is worth noting
that the mechanical properties might be improved by further optimization of
spinning conditions and heat setting process.
Orientation of SMPU fiber and SMPU film
It is assumed that the thin films of SMPU take orientations with equal
probability while the fibers have a preferred orientation. SAXS patterns of
SMPU film and fibers are shown in Fig. 10.12 in which the arrow represents
the axial direction of fiber bundles. The anisometric scattering patterns of
the SMPU fibers proved the preferred orientation of molecules. In contrast,
the symmetrically round scattering patterns of the SMPU film show that the
thin films are isotropic.
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Table 10.4 Thermal characteristics of SMPU
DSC

DMA

SMPUs

Tg1 (∞C)

Tg2 (∞C)

Tm (∞C)

Tg (∞C)

SMPU-1
SMPU-2
SMPU-3

–9.6
–3.0
14.1

56.1
53.2
52.5

178
189
201

52
58
55

Table 10.5 Tensile properties of SMPU fibers

Samples

Linear density
(dtex)

Strength
(cN/dtex)

Elongation at
break (%)

Initial modulus
(cN/dtex)

SMPU-1
SMPU-2
SMPU-3

126
154
137

0.625
0.689
1.284

380
193
175

0.195
0.654
0.739

SMPU film-1

SMPU film-2

SMPU film-3

SMPU-1

SMPU-2

SMPU-3

10.12 SAXS diagrams of the SMPU film and SMPU fiber.

Shape memory effect of SMPU fiber and film
This study aims to impart the shape memory effects to the spun fibers.
However to what extent shape memory effects can be inherited by the
fibers is unknown. Therefore the shape memory effects of SMPU film and
SMPU fibers were examined with thermomechanical cyclic tests and the
experimental results are summarized in Table 10.6. Beforehand, the fibers
studied here were treated with heat relaxation for enough time to remove the
internal forces. The result elucidates that both the SMPU film and SMPU
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Table 10.6 Shape memory effect results on SMPU thin films and SMPU fibers
Samples

eu (%)

ep (%)

Rf (%)

Rr (%)

SMPU film-1
SMPU film-2
SMPU film-3
SMPU-1
SMPU-2
SMPU-3

85
90
93
75
87
92

15
18
23
8
8
15

85
90
93
75
87
92

85
82
77
92
92
85

fibers show shape memory effects. However, it can be observed that, for the
SMPU film, shape fixity increases and shape recovery ratios decrease gradually
with the increasing HSC. The SMPU fibers also show the same tendency. As
compared with the film, the SMPU fibers have decreased shape fixity and
increased shape recovery ratios. As proved previously, the SMPU fibers
have preferred molecular orientation while the films of SMPU basically
have no preferred orientation. The preferred molecular orientation is supposed
to enhance the recovery stress in the shape recovery at Thigh. Therefore the
shape recovery ratios can be ascribed to the preferred molecular orientation,
resulting in the increased recovery stress. However, the preferred molecular
orientation may also intensify the tendency of deformation recovery in shape
fixing at Tlow, which leads to the decreased shape fixity.
Cross-sectional area of the SMPU fiber
Scanning electron microscopy (SEM) was employed for the measurement of
the cross-sectional area of the SMPU fiber. The SEM view of SMPU-3 is
shown in Fig. 10.13. Figure 10.13(a) is a view of the multifilament and (b)
is an enlarged image marked by a circle in (a). The grooves on the surface of
the single filament are ascribed to the traces after the solution has been
extruded from the pinholes of the spinneret. The diameter of a single filament
of SMPU-3 was measured as 16 mm. The cross-sectional area of the
multifilament SMPU-3 therefore was simply calculated through magnification
the cross-sectional area of a single filament by 30 times. The cross-sectional
area of SMPU-3 was measured as 14 mm2 also in the same way while that of
SMPU-1 has not been measured since the fibers in it cannot easily be separated
from each other. This may be ascribed to many factors, including polymer
nature, solution concentration, spinning parameters, and so forth.
Recovery stress of SMPU fiber and film
The recovery stresses of SMPU films and fibers were determined for samples
that were identical to those used in the tests for shape memory effects. As
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(a)

(b)

10.13 SEM views of SMPU-3: (a) view of multifilament (¥500);
(b) view of an isolated single filament SMPU-3 (x4000).

shown in Fig. 6.4, the recovery stress of SMPU film-3 was measured through
a thermomechanical cyclic test. At first, a sample was extended to 100%
elongation at Thigh = Ttrans + 20 ∞C and was cooled to Tlow = room temperature.
After maintaining the sample at the constant deformation for 15 min, the
crosshead of the Instron was returned to its original position. Subsequently,
the strain just above which the load started to be no longer zero and the
sample was just straight was found through adjusting the crosshead position
by hand. At this point, the sample was reheated to Thigh. The stress stored in
the sample was released by heating and was recorded by the Instron. The
largest value of the released stress was taken as representative of the recovery
stress at this strain. Then the sample was cooled to Tlow and unloaded to
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10.14 Comparisons of the recovery stress of SMPU fiber and film.

some lower strain, at which the sample underwent similar heating and cooling.
Hence the recovery stress at this lower strain was determined. In this way, a
number of values of the recovery stress at different strains were measured
and were assumed to reflect the changing recovery stress in the recovery
process. With identical conditions, the recovery stress of SMPU-2, SMPU
film-2, and SMPU-3 were investigated through this thermomechanical cyclic
test.
Figure 10.14 shows the changes of recovery stress with respect to strain
of the two SMPU films and the two fibers. It is apparent that the recovery
stresses of the SMPU fiber are higher than those of the SMPU film at high
strains. In addition, at still higher strains the recovery stresses of SMPU
film-3 and SMPU-3 are higher than those of SMPU film-2 and SMPU-2,
respectively. It suggests that increasing HSC can enhance the recovery stress
at the beginning of the recovery process.

10.2

Role of smart materials in textiles

The key to 21st century competitive advantage will be the development of
products with increasing levels of functionality. This will include structural
and non-structural functions, individually and in combination, both active
and passive. It will apply both to large structures, fixed and mobile, and to
consumer products, including textiles and clothing. Smart materials will
demonstrate a critical role in this development. Figure 1.1 in Chapter 1
summarizes the classes of materials that are commonly referred to as being
‘smart’, together with their corresponding pairs of stimuli and response variable
parameters.
‘Smart’ or ‘functional’ materials usually form part of a ‘smart system’ that
has the ability to sense its environment and the effects thereof and, if very
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smart, to respond to that external stimulus via an active control mechanism.
Often, the sensing function alone is taken as sufficient to constitute ‘smartness’.
Smart material and systems occupy a highly interactive ‘technology space’
which also includes the areas of sensors and actuators, together with other
generic platform technologies such as biomimetics and nanotechnology. In
addition, more narrowly defined related topics, such as ‘tagging’, also sit in
this technology space.
There is no shortage of potential technical solutions in this area but,
equally, no single solution will fit all applications. The need is, rather, to
enhance the practical realization of the existing material-based technologies,
tailored to particular customer and market requirements. Key drivers will
include materials and device integration within the relevant substrate,
miniaturization, connectability, durability, and cost. Specifically in the smart
clothing arena, systems must be affordable and be able to pass the washing
machine test.
Applications for ‘smart’ clothing will include healthcare and telemedicine;
military, police, and emergency service equipment; entertainment, sports
and leisure; and fashionwear. Wearable electronics will support the development
of distributed computing and communications systems and provide benefits
in support of major initiatives, such as crime prevention and the ageing
community. Conductive fiber technology has evolved as an integral part of
the development of wearable items. Companies including Philips Design,
WRONZ in collaboration with Paratech Ltd, and Starlab are all supporting
in the development of this area.27–30 Other companies such as Toyobo, Toray
Group USA, Welbeck, and DuPont are all developing advanced fiber
technology.31–34
Corpo Nove, a fashion house in Florence, Italy, has designed and produced
a shirt using a smart memory alloy fiber, Nitnol.35,36 These fibers are interspersed
with nylon when the fabric is woven. The novelty of the shape memory shirt
is that it is programmed to shorten its sleeves when the temperature increases.
The shirt does not need ironing, as heat will stimulate the SMA fibers,
enabling the shirt to return to its original shape (see Fig. 10.15).

10.3

Shape memory material used in smart fabrics

10.3.1 Use of shape memory alloy in smart fabrics
Shape memory alloys (SMAs), are in use as actuators in many mechanical
processes. The alloys are ‘instructed’ to return to a predetermined shape
when the temperature is changed. These alloys can be incorporated into
clothing systems to give an increased air gap between the clothing layers
and hence greater insulation on actuation. Textiles are extensively used to
protect personnel from fire by using the insulating properties of textiles. This
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10.15 A smart shirt rolls up its sleeves. (Source: Lendlein and Kelch,
20021.)

Thermal
conducting layer

External fabrics
Shape memory alloy

Thermal
insulating layer
Internal fabrics

10.16 Schematic showing the functionality of the insulating property.

insulation comes from their ability to contain air pockets both within the
fiber and by their construction, which provides a barrier against flame
and intense heat. Ideally, a clothing system should provide the necessary
insulation only when thermally challenged by flame and heat, and under
normal circumstances should offer only the minimum thermal insulation
concordant with comfort requirements. It is possible to achieve this goal by
introducing an air gap (between two layers of fabric) that increases when the
challenge occurs.
This principle is also appropriate to environmental protection where clothing
layers are added or removed to increase or decrease the insulation required.
A smart clothing system that reacts with the environmental conditions by
varying the required air gap is the ideal solution. This may reduce the need
to carry extra clothing layers. One novel method of achieving these concepts
is by using SMAs.37
Figure 10.16 illustrates an SMA manufactured into a spring incorporated
between the external and internal fabrics. It must be as flat as possible
between the two layers to ensure minimum thermo-physiological load when
insulation is not required. A 1 mm diameter, wire, flat conical spring with an
actuation temperature of ~50 ∞C that extends when subjected to heat meets
the practical need.
Currently, nickel titanium alloy has been investigated as an SMA38 because
of its superiority in terms of transformation, recovery, and biocompatibility.
A flat spring shape with a transition temperature of ~45 ∞C has shown good
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potential in this role. The clothing layers separate when the SMA spring is
actuated and this in turn greatly reduces the temperature experienced at skin
level, resulting in an increase of 40 seconds before the onset of second
degree skin burn. The results obtained demonstrate the potential for utilizing
SMAs in clothing for protection against flame and heat. The springs can be
incorporated in bellows-style pocket panels. The pleats allow for the expansion
of the air gap while the attachment of the spring holds the fabric layers
together prior to actuation. Potential applications are for the fire service,
drivers in enclosed vehicles, e.g. tank crew, racing drivers, and any other
personnel who may be accidentally exposed to intense heat. The second
function of SMAs in clothing is environmentally controlled clothing. For
this function, the clothing must act in the reverse direction from the heat
protection application. As the temperature drops, the clothing is required to
separate, thereby increasing the air gap and the thermal insulation properties.
These systems will require two-way actuators.

10.3.2 Use of shape memory polymer in smart fabrics
Compared with SMAs, SMPs have tremendous potential for textile and
clothing, and related products: in the case of SMAs, mechanical properties
can be adjusted only within a limited range and the maximum deformation
that can undergo is about 8%. SMPs have easy shaping, high shape stability,
and adjustable transition temperature. SMPU is a class of polyurethane that
is different from conventional polyurethane in that SMPUs have a segmented
structure and a wide range of glass transition temperature, Tg. If a SMPU is
cooled from above Tg to a temperature below Tg, in the presence of a mechanical
load, and after removal of load, significant deformations anywhere in the
range of 10–200% get locked into the polymer. These deformations, and the
original shape are all recoverable when the polymer is reheated beyond Tg.
Both the shape memory effect and the elasticity memory system effect of
SMPs make them useful candidates for today’s intelligent material systems
and structures.39,40
In Chapter 9, we discussed some standard experimental methods to evaluate
the shape memory effect in fabrics. There are three important parameters and
the corresponding testing standards which are used to evaluate the shape
memory effect in fabrics. Figure 10.17 summarizes the parameters and the
application of polymer in textiles. The application in textiles when used as
coating, finishing, or laminating covers at least three aspects, as shown in
Fig. 10.17. The underlying focus of the SMPs has been the functional aspect;
filtration for technical textiles and functional garments that require breathable
ability, no ironing, or special aesthetic effect. They all require a change in the
environmental temperature to trigger the change in the intrinsic properties of
the fabrics.
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Shape memory
polymers

Unique temperature-dependent
properties

Applications in textiles

Used as coating/
finishing/laminating

Fabrics having shape
memory polymers for
characterization

Wrinkle
recovery:
AATCC 661998

Smoothness
appearance:
AATCC 1242001

Crease
retention:
AATCC88C-2001

Waterproof,
flame-retardant,
and breathable
fabrics for
garments

Non-ironing,
wrinkle retention,
and shape fixing
trousers, suits,
and skirts

Aesthetic
intelligent
clothing

10.17 Summary of the properties and application of shape memory
polymers in textiles.

Textiles with good breathing properties have become indispensable. They
prevent build up of sweat inside the suit and humidity of underwear is
avoided. This helps to prevent hypothermia. They also protect from rain,
snow, and wind, but allow water vapor from perspiration to escape. This
guarantees a high level of comfort, especially when the article is worn during
physical activity in sports and during work. Many textile products are
waterproof, but only a few provide ‘breathability’. On the other hand, standard
fabrics are ‘breathable’ but not waterproof.
Breathable textiles can be categorized into four main types:
1
2
3
4

Closely woven fabric with water-repellent treatment.
Microporous film laminates and coatings.
Hydrophilic film laminates and coatings.
Shape memory fabrics by using aqueous SMPU.

Mitsubishi Heavy Industry (MHI) and US Army’s Soldier and Biological
Chemical Command Lab (US Army) have made good suggestions on how to
apply temperature-sensitive polyurethane to the textile industry. The material
can be used to develop intelligent waterproof and breathable fabrics (IWBF)
though laminating technology. The clothing made by IWBF will be suitable
for those who need to get in and out of water. It enable the wearer to feel
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comfortable under most conditions and activities such as rain, snow, diving,
skiing, and mountain climbing.
The use of reactive textiles in clothing to maintain weather-proof
performance and high comfort levels is not new. Traditional bad-weather
shell clothing has provided high levels of durability and protection by using
neoprene rubber or PVC coatings in natural fabrics. These clothing systems
have very high resistance to water penetration, but they do not allow moisture
vapor to dissipate – which in turn leads to overheating, discomfort, and
condensation problems.
Around 1975, expanded microporous polytetrafluoroethylene (PTFE) and
microporous polyurethane laminates and coatings were employed. They have
a very high resistance to liquid water but allow the passage of water vapor.
Another approach to foul-weather clothing is the use of a hydrophilic dense
polymer as a coating or laminate. Among the polymeric materials used for
this purpose, hydrophilic polyurethane is frequently used owing to its
appropriate flexible and hand feeling for apparel. These two types of laminated
or coated fabrics were named as waterproof and breathable fabrics (WBF) or
breathable fabrics, and their representative WBFs are Gore-texTM and
SympatexTM respectively.
Temperature-sensitive polyurethane membrane offers tremendous
opportunity in developing IWBF because of its unique smart property as
described in Chapter 5. That is, when the temperature is lower than transition
temperature of Tm (see Section 3.1), the water vapor permeability of TS-PU
membrane is extremely low, which could prevent air and water molecules
from passing through it. As the temperature rises, the sharp increase in
free volume will trigger significant increase in water vapor permeability.
A schematic illustration of the smart property is provided in Fig. 10.18. So
when the smart membrane laminate with fabrics, it will prevent air and water
molecule passing through it at low temperature and keep the body warm.
At the same time, it will be more breathable at high temperature and keep
the body comfortable. The working mechanism of IWBF is shown as
Figure 10.19.
TS-PU membrane can laminate fabrics by four different methods: direct
laminates, insert laminates, lining laminates, and three-layer laminates (see
Fig. 10.20). When SMPU is laminated to a fabric, a smart fabric is formed.
MHI has produced its own range of active sports clothing called ‘Diaplex’.41
This is created by laminating an SMP between two layers of fabric, creating
a membrane. It can simultaneously be waterproof, windproof, and breathable.
The membrane works by applying micro-Brownian motion, which is a thermal
vibration.42,43 The Diaplex membrane is stimulated when the temperature
rises above the predetermined temperature. Owing to the micro-Brownian
motion, micropores are created in the polymer membrane, which allows
perspiration and body heat to escape. It is also possible to coat SMPU on a
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40 ∞C

Permeability

–30 ∞C

Water vapor cannot
penetrate membrane
at low temperatures

Water vapor is actively
expelled to the outside air
at high temperatures
Temperature

10.18 Schematic of the smart property of a TS-PU.
Wind

Rain

Fabric
TS-PU

Water vapor

Body heat

10.19 Working mechanism of IWBF.

fabric such that its permeability changes as the wearer’s environment and
body temperature change to form an ideal combination of thermal insulation
and vapor permeability for army clothing. When the body temperature is
low, the fabric remains less permeable and keeps the body heat. When the
body is in a sweaty condition, it allows the water vapor to escape into the air
because its moisture permeability becomes very high with increasing body
temperature. This releases heat from the apparel. Since the fabric is waterproof,
the apparel made with coated or laminated SMPU fabric can be used regardless
of weather. Some applications of SMPU in textile are included in the
following.44–48
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Insert laminate

Direct laminate
Outer material
TS-PU

Outer material
TS-PU
Non-woven/tricot
Lining material

Lining material

Three-layer laminate

Lining laminate
Outer material
TS-PU
Lining material

Outer material
TS-PU
Lining material

10.20 Schematic of different laminations.
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thermal protective clothing;
sportswear;
leisurewear;
underwear;
outerwear;
gloves;
socks;
shape memory fibers;
smart fabrics.

10.3.3 Implementation of aesthetic attributes in fabric
design
Textiles with the ability to alter in shape will have a significant and stimulating
effect to an interior space. Utilizing a shape memory partition or wall hanging
can convert the function and essence of the interior from a formal workplace
to a relaxed environment. Visually, the woven structure transmutes, exposing
the yarn composites and a dynamic design. These applications would be on
demand, as an electric current would be applied to trigger the fabric appearance.
Furthermore, the same application can also participate in the environmental
conditions of a room triggered by temperature, lighting, and humidity, etc.
For example, if the temperature in a room was below ambient, the woven
structure would evolve into a ‘closed’ form and perform as an insulator,
allowing the heat to remain in the room. In contrast, if the temperature were
above ambient, the shape memory structure would ‘open’ to allow air to
circulate freely around the space, keeping the room cool. As shape memory
materials can be stimulated by sunlight, this feature can be exploited by
being applied to windows: when a shape memory window treatment is
programmed to be sensitive to sunlight, the woven structure opens to allow
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light to enter the room during the day and close when night falls. In addition,
the woven structure could be programmed to close to reduce glare in the
room if excessive sunlight was applied to the textiles.

10.4

Shape memory garments – active structure for
fashion apparel

The principle of the research is to shift the aesthetic from something static to
something active, producing ‘living’ fabrics that evolve; presenting the
industrial as sensual and tactile. The shape memory effect creates a dual,
decorative fabric that can exhibits different aesthetic characteristics within
the same cloth. Three-dimensional and sculptural fabrics have been developed
that enhance these concepts. Figure 10.21 shows a fabric that, when stimulated,
metamorphoses into a cloth with a raised surface pattern.
As shown in Fig. 10.21, a 3D pattern exists in the form of star structures.
The idea is that, when the shape memory effect is triggered, the star structures
changes into different one. Figure 10.22 illustrates how the shape memory
effect is allocated within the selected areas of a garment. The inclusion of
shape memory materials in the knitted structure results in a new garment
form. This evolution in form changes the garment from static to active and

10.21 Pattern created using a Knitmaster 321.
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10.22 A three-dimensional textile concept.

presents dimensional and structural changes that add value to the garment.49
By the process of decoration, a textile is offered with particular functional
attributes. The textile would not only evolve into another aesthetic, but the
shape memory effect would simultaneously produce open and closed structures,
depending upon the environmental conditions.
Textiles and clothing are moving into new areas of function, as means of
decoration, adornment, or implied status. Although during design, a fashion
textile or garment comfort and function is an important aspect, primary
drivers attributed by the consumer to a garment or textile are style and
aesthetic quality. However, textile and garment function is still a factor that
deserves continued attention. An important requirement from the consumer’s
point-of-view is that clothing enhances the body and presents the required
image.49
Using shape memory material in textiles reflects the significance of
technological innovation and the importance of aesthetic potential benefits
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from the innovation. To meet the specific needs for a piece of functional
fabric, intensive fiber spinning and fabric development is underway.
Combination of SMAs and SMPs in yarn composites is expected as they
contain a range of favorable characteristics. The composites will be engineered
into fabric form having the unique ‘active’ properties from the shape memory
materials.
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