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Incorporated in England by a Royal Charter granted in 1925, the Institute has individual
and corporate members 1n over 90 countries. The aim of the Institute 1s 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
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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 tor 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
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with those published by The Textile Institute that are still in print, are offered on
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A list of Woodhead books on textile science and technology, most of which have
been published 1n collaboration with The Textile Institute, can be found on pages xv-
XIX.

© Woodhead Publishing Limited, 2008



i

Woodhead Publishing in Textiles: Number 68

Physical properties
of textile fibres

Fourth edition

W. E. Morton and J. W. S. Hearle

i 2>

it

l bl

j

Thelexule Institute

o

CRC Press
Boca Raton Boston New York Washington, DC

WOODHEAD PUBLISHING LIMITED

Cambridge, England

© Woodhead Publishing Limited, 2008



\Y;

Published by Woodhead Publishing Limited in association with The Textile Institute
Woodhead Publishing Limited, Abington Hall, Granta Park,

Great 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, FLL 33487, USA

First edition © The Textile Institute and Butterworth and Co. (Publishers) Ltd, 1962
Second edition © The Textile Institute, 1975

Third edition © The Textile Institute, 1993

Fourth edition published 2008, Woodhead Publishing Limited and CRC Press LLC
© Woodhead Publishing Limited, 2008

The authors have asserted their moral rights.

This book contains information obtained from authentic and highly regarded sources. Reprinted
material i1s quoted with permission, and sources are indicated. Reasonable efforts have been made to
publish reliable data and information, but the authors and the publishers cannot assume responsibility
for the validity of all materials. Neither the authors nor the publishers, nor anyone else associated
with this publication, shall be liable for any loss, damage or lability 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 1n 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 978-1-84569-220-9 (book)
Woodhead Publishing ISBN 978-1-84569-442-5 (e-book)
CRC Press ISBN 978-1-4200-7958-6

CRC Press order number: WP7958

The publishers’ policy is to use permanent paper from mills that operate a
sustainable forestry policy, and which has been manufactured from pulp
which 1s 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.

Project managed by Macfarlane Book Production Services, Dunstable, Bedfordshire, England
(e-mail: macfarl@aol.com)

Typeset by Replika Press Pvt Ltd, India

Printed by TJ International Limited, Padstow, Cornwall, England

© Woodhead Publishing Limited, 2008



1

1.1
1.2
&
1.4
1.5
1.6
L7
1.8
1.9
1.10
1%

2.1
2.2
2:3
2.4
2.3
2.6

3.1
3.2
3:3
3.4
3.3

Contents

Preface to the first edition XI
Preface to the fourth edition XIii
Woodhead Publishing in Textiles XV
An Introduction to fibre structure 1
General introduction 1
Methods of investigation of structure -
Approaches to polymer fibre structure 21
Cellulose fibres 33
Regenerated and modified celluloses 43

Protein fibres 48
Synthetic fibres for general use s )
High-performance fibres 68
Specialist fibres 5

Some concluding views {7
References 78
Testing and sampling 82

Test procedures 82
Variability and sampling 83
Numerical and biased samples 86
Sampling techniques 90

Zoning 93
References 95

Fibre fineness and transverse dimensions g7

Fibre dimensions 97

Terms and definitions 99

The technical signiticance of fibre fineness 103
Variation in fineness 105
Measurement of linear density 107

Direct measurement of transverse dimensions 109

3.6

© Woodhead Publishing Limited, 2008



Vi Contents

X Optical technology for high-speed testing 111
3.8 Air-flow methods 115
3.9 The vibroscope method 122
3.10  Fibre shape and cotton maturity 123
3:11 References 131
4 Fibre length 134
4.1 Fibre lengths 134
4.2 Technical significance of fibre length 136
4.3 Length distributions and fibre diagrams s
4.4 Wool and cotton 144
4.5 Crimp 146
4.6 Individual fibre length measurement 147
4.7 Comb-sorter methods 149
4.8 The Balls sledge sorter 52
4.9 Cutting-and-weighing methods 153
4.10  Automated scanning of fibre tufts 156
4.11 Scanning individual fibres 161
4.12  References 162
5 Fibre density 163
5.1 Introduction 163
3.2 Measurement 163
3 Results 165
54 Density and order 165
3.9 References 167
6 Thermal properties 168
6.1 Introduction 168
6.2 Thermal parameters 168
6.3 References 176
7 Equilibrium absorption of water 178
7.1 Introduction 178
.2 Definitions 178
1.3 Measurement of regain 180
1.4 Relation between regain and relative humidity 184
fi%s References 193
8 Heats of sorption 195
8.1 Definitions 195
8.2 Measurement 196
8.3 Results 198
8.4 Effects of evolution of heat 201
8.2 References 201

© Woodhead Publishing Limited, 2008



9.1
9.2
2.3
9.4
9.3

10.1
10.2
10.3
10.4
10.5

11

L1
112
11.3
11.4

i}

12.1
12.2
123
12.4
12.5
12.6

13.1
3.2
13.3
13.4
135
13.6
13.7

14

14.1
14.2
14.3
14.4
14.5
14.6
14.7

Rate of absorption of moisture

Introduction

Diftusion of moisture

The 1nteraction of moisture and heat
Practical effects

References

The retention of liguid water

Introduction

Centrifuging of wet fibres
Suction

Interactions

References

Swelling

Introduction

Measurement of swelling
Results
References

Theories of moisture sorption

The general view
Quantitative theories of absorption

Contents

The relations between absorption, swelling and elastic properties

Surface adsorption
The effect of temperature
References

Tensile properties

General introduction

Factors determining the results of tensile experiments
Expressing the results: quantities and units

Experimental methods
Fibre properties
Other factors
References

The effects of variability

Introduction

Variability, specimen length and strength

Variability and other quantities
Composite-specimen effects
Variability 1n practice

Changes 1n specimen during test
References

© Woodhead Publishing Limited, 2008

VI

202

202
202
212
223
228

229

229
229
232
235
236

237

237
238
240
242

243

243
231
261
270
271
212

274

274
274
276
283
2389
309
319

322

322
322
330
332
335
3335
337



VI

15.1
15.2
15:3
154
15.5

15.6
137
15.8

16

16.1
16.2
16.3
16.4
16.5
16.6

14

17.1
17.2
173
17.4
W

17.6
17.7

18

18.1
18.2
18.3
18.4
18.5

18.6
18.7

19

19.1
19.2
18.3
19.4
18.5
19.6
19.7

Contents

Elastic recovery

Introduction
Definitions
Experimental methods
Results

Change of properties as a result of straining: mechanical

conditioning

Swelling recovery
Simple recovery models
References

Rheology

The study of time dependence
Creep
Stress relaxation

Time and tensile testing
Dynamic tests
References

Directional effects

Introduction

Bending of fibres

Twisting of fibres and the shear modulus
Shear strength

General elastic deformation
Compression stresses on fibre masses
References

Thermomechanical responses

Introduction

Melting

Dynamic mechanical responses
Transitions in keratin fibres
Thermomechanical responses
Setting

References

Fibre breakage and fatigue

Fibre-fracture morphology
Monotonic breaks

Tensile fatigue

Torsional fatigue

Flex fatigue

Combined bending and twisting: biaxial rotation

Surface wear and peeling

© Woodhead Publishing Limited, 2008

338

338
3349
340
341

346
348
349
356

397

3T
358
370
376
390
411

414

414
414
430
440
441
455
455

453

458
462
469
478
483
490
506

509

509
509
2 i
329
530
540
533



19.8
19.9

20

20.1
20.2
20.3
20.4
20.5
20.6
20.7
20.8
20.9

IV ha I3 B9 03 b
ON L B R

21.7
21.8

22

22:1
22.2
22.3
22.4
Bt
22.6

23

23,1
23.2
23.3
23.4
23.5
23.6

24

24.1
24.2
24.3

Abrasion and wear
References

Theories of mechanical properties

Introduction

Structural effects in rayon fibres
Nylon, polyester and similar fibres
High-pertormance fibres

A general theory of orientation
Structural effects 1n natural fibres
Theories of time dependence
Thermodynamic effects
References

Dielectric properties

General introduction

Definitions of dielectric properties
Measurement

The effect of frequency

The effect of moisture

The effect of temperature

The effect of other factors

Summary of results for various materials
References

Electrical resistance

Introduction

Definitions

Methods of measurement
Results of experiments
Theoretical

References

Static electricity

Introduction
Measurement of static
Results

Generation of charge
Leakage of charge
References

Optical properties

Introduction
Refraction
Absorption and dichroism

© Woodhead Publishing Limited, 2008

Contents

IX

554
237

bad

339
564
574
580
588
592
604
618
622

625

625
625
628
631
634
635
638
640
642

643

643
643
O
645
657
664

665

665
667
669
676
679
639

690

690
690
704



X Contents

24.4  Reflection and lustre 705
24.5  References 707
25 Fibre friction 709
231 Introduction 709
252 Measurement of fibre friction 710
25.3  Empirical results 716
25.4  The nature of friction 726
23.2 The friction of wool 132
25.6  References 736
Appendix |: units /38
Al.l Introduction 738
Al.2  Fineness 738
Al.3  Stress and specific stress 738
Appendix Il: fibre names 740
AIl.1  Introduction 740
All.2 Regenerated fibres 740
AllL.3  Synthetic fibres of linear macromolecules 741
All.4  High-modulus, high-tenacity (HM—-HT) linear polymer tibres 741
AlIl.5 Carbon fibres 742
AlL.6 Inorganic fibres 742
AllL.7 Reference 742
Appendix |ll: standard test methods 743

© Woodhead Publishing Limited, 2008



X|

Preface to the first edition

Physics plays a large part in textile technology. But, while there are many applications
to textile processing, these are diverse and cannot usefully be studied except as part
of the technology of the processes themselves; however, the study of the structure
and physical properties of fibres, yarns, and fabrics forms the unified subject that is
legitimately called textile physics, and which is an essential part of the education of
any textile technologist. The present book deals only with the fibre properties, augmented
by an introductory chapter on fibre structure. While it was conceived as the first part
of a trilogy, 1t remains to be seen whether 1t will be possible to write the companion
volumes on yarns and fabrics.

This book 1s primarily a text book, based on our teaching experience, and intended
for textile students in universities and colleges. While a full understanding of the
whole of the text demands a wide knowledge of physics and mathematics, much of
it 1s suitable for those who have not studies physics far beyond Ordinary G.C.E.
level™. With this point in mind, the subject matter has been subdivided and arranged
so that the more advanced theoretical treatments may be omitted without detriment
to an understanding of the rest of the book.

We also hope that the book will prove useful to those preparing for the Associateship
examinations of the Textile Institute; to graduates in science entering direct into the
industry; and to the large body of technologists, already following a career in the
industry, who wish to have available a survey of this particular part of textile technology.

We would like to emphasize that this book 1s not intended to be a comprehensive
treatise, including a reference to every relevant research publication; on the contrary, our
aim has been to provide a background of knowledge and understanding of the subject,
much of which 1s unlikely to change radically with the passage of time, and which
will therefore serve as a basis for more detailed study by reference to current literature.

We wish to take this opportunity of gratefully acknowledging the invaluable help
that we have received from Miss Shirley Smith 1n the preparation of the illustrations;
and from Professor R. Meredith, Mr. G. E. Cusick, and Dr. D. W. Saunders 1n reading
and criticizing sections of the manuscript.

Manchester College of Science and Technology
W. E. M.
J. W. S. H.

* Now GCSE, a British school examination taken at age 15-16.
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Preface to the fourth edition

It 1s 50 years since I started writing my contribution to the first edition of this book.
By then, the ancient craft of manufacturing textiles from wool, cotton, flax and other
natural fibres had been supplemented by 50 years of scientific research into their
physical properties. Rayon had been around tor 50 years and new synthetic fibres
were entering the market. Nylon and polyester were expensive “miracle fibres’. Now
polyester has replaced cotton as the cheap, general-purpose fibre. The high-performance
fibres were not to come for another 20 years.

The 1960s saw the high-water mark of fibre research. Changes were rapid and a
revised edition was needed 1n the 1970s. The third edition in 1993 was a reprint of the
second edition with two extra chapters on ‘High Performance Fibres’ and ‘Flex
Fatigue and other Forms of Failure’. A full revision was overdue. In this fourth
edition, I have followed the approach described in the preface to the second edition.

We need to add little to our previous preface: the general character and aims of the
book are unchanged, and the continuing demand shows that our approach has, as
we hoped, stood the test of time. There is, indeed, a body of knowledge of fibre
physical properties which 1s basic in the education of a textile technologist, and
this 1s what we aim to present.

The changes in this edition result, in part, from a closer adherence to the
essential character of the book: some of the details of theories and experimental
techniques, which seemed 1mportant at the time, have been omitted [since then,
developments in electronics and digital processing have transformed experimental
methods]. The book i1s now more concentrated on the fundamentals of the subject;
some digressions on topics less directly concerned with physical properties have
been dropped.

The other source of change i1s new knowledge. When the first edition was
published, i1deas of fibre structure were 1n a state of disturbance and controversy,
partly reflected in what we wrote. Now, it 1s possible to take a more stable view
of the subject, and the first chapter contains substantial changes. Theories of
mechanical properties, as related to structure, have also developed considerably in
recent years. In experimental work, much has been published on time-dependent
properties, though this has not radically changed the picture, and some valiant
studies of the anisotropy of fibre mechanical properties have been made. However,
the topic which has been most advanced is the study of thermal properties: this has

© Woodhead Publishing Limited, 2008



X1V Pretace to the tourth edition

made 1t possible to write a much more useful and coherent account of experimental
results, their interpretation, and their relation to the technology of heat-setting.

The general pattern of the book 1n this fourth edition is as it has been, but there has
been some reorganisation. Partly this results from the increasing dominance of
manufactured fibres. Fibre fineness 1s now a more important quality than fibre length.
Thermomechanical responses and fibre failure now have their own chapters. High-
performance fibres take their place through the book, instead of being Band-Aid at
the end.

In the preface to the third edition, I wrote the following:

Since the second edition was published, my co-author, W.E. Morton, has died.
During over forty years as a Protessor of Textile Technology in Manchester, he did
a great deal to advance the scientific study ot fibres and textiles. He also gave
great encouragement and help to those of us who joined him as young men on the
staff or as research students. I remember with great affection his many kindnesses,
not least by mviting me to join him in writing the first edition of this book 35 years
ago.

After 60 years of research in fibres and textiles, I owe a debt to too many people
to name. My 1ntroduction to textile fibres started in 1946 with the distinguished
scientists at the Shirley Institute. Since then I have interacted with researchers in
many universities, research institutes and industrial companies. Without them this
book could not have been written. Finally, the writing and publication of this edition
has been made much easier by the generous professional help of the staff of Woodhead
Publishing and Macfarlane Book Production Services.

Mellor, Greater Manchester
John W. S. Hearle

© Woodhead Publishing Limited, 2008
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