


Integrated design and manufacture using
fibre-reinforced polymeric composites



This page intentionally left blank



Integrated design
and manufacture

using fibre-reinforced
polymeric composites

Edited by

M J Owen, V Middleton and I A Jones

CRCPress
Boca Raton, Boston New York Washington, DC

WOODHEAD PUBLISHING LIMITED
Cambridge England



Published by Woodhead Publishing Limited, Abington Hall, Abington
Cambridge CB1 6AH, England
www.woodhead-publishing.com

Published in North and South America by eRe Press LLC, 2000 Corporate
Blvd,NW
Boca Raton FL 33431, USA

First published 2000, Woodhead Publishing Ltd and eRe Press LLC
© 2000, Woodhead Publishing Ltd except Chapter 7 © Slingsby Aviation Limited,
Chapters 11 & 12 © 1999 Ford Motor Company and Chapter 14 © Pennabond
Division, National Starch & Chemical Ltd
The authors have asserted their 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 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 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 the publishers.

The consent of Woodhead Publishing and CRC Press 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
or CRC Press 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 1 85573 453 2
eRe Press ISBN 0-8493-0858-5
eRe Press order number: WP0858

Cover design by The ColourStudio
TYPeset by Best-set TYPesetter Ltd., Hong Kong
Printed by TJ International Ltd, Cornwall, England



This book is dedicated to the hundreds of people
who have been involved over the last 37 years
with the composites programme in the Mechanical
Engineering Department at the University of
Nottingham



This page intentionally left blank



Contents

Preface xv
About the contributors xvii

1 Introduction 1
M J OWEN

1.1 What are fibre-reinforced polymers? 1
1.2 Rationale 2
1.3 Markets for FRP 4
1.4 Applications 7
1.5 Outline of the book 10
1.6 Conclusion 11
1.7 References 11

Part I Materials and processes

2 Fibres for Thermosetting FRP 15
M J OWEN

2.1 Introduction 15
2.2 Glass fibres 16
2.3 Carbon (graphite) fibres 24
2.4 Aramid fibres 25
2.5 Other fibres 26
2.6 Comparison of fibre types 27
2.7 Conclusion 27
2.8 References 29

3 Thermosetting resins 30
M J OWEN

3.1 Introduction 30
3.2 Polyester resins 31

vii



viii Contents

3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

4

4.1
4.2
4.3
4.4
4.5
4.6

Epoxy resin
Other resins
Moulding compounds, DMC and SMC
Prepregs
Health and safety
Waste disposal
Conclusion
References

Moulding processes for thermosetting FRP
M J OWEN

Introduction
Processing overview
Contact moulding processes
Closed mould processes
Conclusion
References

35
36
37
41
43
44
45
46

47

47
48
49
54
57
57

5 Design and process interactions in reinforced
thermoplastics 59
PETER THORNBURROW

5.1 Introduction 59
5.2 Polymer and fibre choices 59
5.3 Physical form of moulding material 60
5.4 Processing techniques 65
5.5 Mechanical performance 70
5.6 Conclusion 72
5.7 References 74

6 Tooling 75
v MIDDLETON

6.1 Introduction 75
6.2 Factors to be considered in tooling selection 75
6.3 Tooling type 78
6.4 Other mould considerations 86
6.5 Conclusion 88
6.6 References 88



Contents ix

Part II Applications

7 Hand lamination for a light aircraft structure 93
N G FOSTER

7.1 Introduction 937.2 Why use composites? 947.3 The arrangement of the T67 Firefly fuselage and wings 957.4 The hand lay-up procedures and materials used in the
construction of the Firefly 1007.5 Moulds 1037.6 Brief design philosophy for the T67 Firefly 1037.7 Conclusion 1077.8 References 108

8 The application of GRP in the water
treatment industry 109
P W BRYANT

8.1 Introduction 1098.2 Rotary distributor unit 1108.3 'fravelling distributor unit 1158.4 Tank covers 1208.5 Kiosks and cubicles 122
8.6 Instrument cabinet 123
8.7 Conclusion 123
8.8 References 124

9 Vacuum infusion: cost-effective closed mould
processing to meet the challenges of the
styrene issue 125
J A NIXON

9.1 Introduction 125
9.2 The styrene issue 126
9.3 The present UK GRP market 128
9.4 Closed mould process technology 129
9.5 A brief history of vacuum infusion 130
9.6 The basic process of vacuum infusion 130
9.7 The advantages of vacuum infusion 132
9.8 The disadvantages of vacuum infusion 132
9.9 Materials for infusion 132
9.10 Marine applications 134



x Contents

9.11 Conclusion 137
9.12 References 138

10 Material selection for 'Formula l' structures 140
C J WHEATLEY

10.1 Introduction 140
10.2 A brief history of F1 structures 140
10.3 Reasons for the use of CRFP in F1 141
10.4 Manufacturing process 145
10.5 Materials selection as part of the design process 145
10.6 Material characterisation 146
10.7 Material selection: differences between F1 and aerospace 147
10.8 Conclusion 148

11 Automotive composite components 149
A R HARRISON

11.1 Introduction 149
11.2 Background 149
11.3 Mass reduction and fuel economy 150
11.4 Material usage for the next decade 151
11.5 Significant trends in the use of materials that affect

automobile mass 152
11.6 Introducing new composite applications 158
11.7 Design tools 160
11.8 Examples of Ford deployment of composites 161
11.9 Conclusion 168
11.10 References 169

12 A low-investment cost composites high roof for
the Ford Transit van 171
A R HARRISON

12.1 Introduction 171
12.2 Commercial rationale 171
12.3 Transit extra high roof 171
12.4 Roof manufacturing method 172
12.5 Transit Tool Working Group 173
12.6 Tool design concept 173
12.7 Tool manufacture using electroformed nickel and copper 175
12.8 Flow modelling 178
12.9 Final tool system design 179
12.10 Tooling CAE structural analysis 180



Contents xi

12.11 Tool polishing and repair of nickel and copper surfaces 181
12.12 Tool release agent trials 182
12.13 Process optimisation and development 182
12.14 Intelligent process control (IPC) 183
12.15 Conclusion 183
12.16 Acknowledgements 184
12.17 References 185

13 Filament winding 187
v MIDDLETON

13.1 Introduction 187
13.2 Process outline 188
13.3 Winding machine configurations 190
13.4 Some filament winding applications 194
13.5 Design issues 198
13.6 Conclusion 205
13.7 References 205

14 Composite bonding with particular reference to
large structures and unprepared surfaces 207
W A LEES

14.1 Introduction 207
14.2 What is to be bonded? 207
14.3 Design for bonding 208
14.4 What is available? 212
14.5 Mechanical properties 214
14.6 Adhesive selection and production considerations 221
14.7 Production 225
14.8 Conclusion 229
14.9 References

Part III Design concepts and methods

15 Design concepts for continuous fibre composites 233
J DOMINY

15.1 Introduction 233
15.2 Real properties of praeticallaminates 233
15.3 Gaining advantage from composites 235
15.4 Designing the laminate 236
15.5 Stiffened panels 238
15.6 Core materials 240



xii Contents

15.7 Rib-stiffened structures 240
15.8 Geometric constraints 241
15.9 Through-thickness considerations 241
15.10 A practical approach to stress analysis 242
15.11 The meaning of stress and strain in composites 244
15.12 In-plane and flexural stiffness 245
15.13 Design features 247
15.14 Failure in practice 251
15.15 Design for impact 252
15.16 Design for fire resistance 253
15.17 Design example: the orthopaedic hip cradle 254
15.18 Conclusion 258
15.19 References 259

16 Design codes for composite structures 260
G C ECKOLD

16.1 Introduction 260
16.2 Background 260
16.3 Design codes and standards 261
16.4 Design factors 263
16.5 Industry-based design codes 263
16.6 Common design themes 281
16.7 Conclusion 285
16.8 Acknowledgements 285
16.9 References 286

17 Finite element analysis of composites 288
I A JONES

17.1 Introduction 288
17.2 What is FE analysis? 288
17.3 FE analysis: the user's perspective 289
17.4 A brief overview of FE theory 290
17.5 Example of an FE formulation 293
17.6 Types of element available 299
17.7 Data input required for FE analysis of composites 300
17.8 Some problems in the FE analysis of composite materials 301
17.9 Conclusions 303
17.10 Acknowledgements 304
17.11 References 304



Contents xiii

18 Orientation in injection-moulded fibre-reinforced
thermoplastics 305
R BROOKS

18.1 Introduction 305
18.2 Flow conditions during injection moulding and their effect

on orientation 306
18.3 Quantitative characterisation and measurement of

orientation 312
18.4 Factors affecting orientation during moulding 316
18.5 Mechanical properties and design 323
18.6 Computer-integrated design 331
18.7 Conclusion 336
18.8 Acknowledgements 337
18.9 References 337

Appendix A An introduction to laminate analysis
I A JONES AND R BROOKS

340

Al
A2
A3
A4
A5
A6
A7

Introduction
Notation
Isotropic, anisotropic and orthotropic material properties
Properties of a unidirectional ply
Properties of general laminates
Failure analysis of laminates
References

340
340
342
344
350
359
363

Appendix B Material properties
M J OWEN AND I A JONES

364

B.l
B.2
B.3
B.4
B.5
B.6
B.7

Overview
Introduction
Fibre and resin properties
Glass-reinforced plastics
Moulding compounds
Carbon fibre composites
References

364
364
365
365
371
371
373

Appendix C Glossary

Index

374

389



This page intentionally left blank



Preface

This book is about fibre-reinforced polymers (FRPs) excluding rubber
matrix materials. Although some contributors refer to 'composites', 'com
posite materials' or 'fibre-reinforced composite materials' the restriction to
fibre-reinforced thermoplastic and thermosetting polymers still applies and
rubber, metal and ceramic matrix composites are excluded. The overall
intention is to show that material selection, manufacturing feasibility and
material properties are strongly inter-related factors that have to be con
sidered at an early stage in the design process in order to achieve cost
effective products. Often this can be done without recourse to elaborate
calculations.

Following an introductory chapter that is intended to set the scene, there
are three main parts to the book. Part I describes the main material con
stituents and the main manufacturing processes. Part II is based on case
studies of some recent successful applications. The authors explain their
development approach for both product and manufacturing process. Part
II also includes chapters on adhesive technology and the growing impor
tance of closed mould processes. Part III is an introduction to design
methods with due regard to manufacturing feasibility. Three substantial
appendices cover laminate analysis, sample material properties and a glos
sary of terms.

The provenance of the book lies in courses offered regularly by the
Department of Mechanical Engineering, University of Nottingham, over
the past 20 years. These comprise short intensive continuing professional
development (CPD) courses and final year undergraduate and master's
degree modules. CPD courses have also been presented at the premises
of individual firms and trade associations both in the UK and around
the world including South Africa, Singapore and other countries. The
editors intend the book to be -useful for similar courses and particularly
to individual engineers, scientists and managers in industry who might
be considering new products for which FRPs are unfamiliar candidate
materials.
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xvi Preface

The editors have only acknowledged by name friends and colleagues
who have made direct contributions to the book. However, over the years
there have been hundreds of industrial collaborators, academic colleagues,
research assistants and research students who have participated in spon
sored research programmes, who have also helped with courses and who
have made indirect contributions without which the present outcome would
not have been possible.
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