Volume 2

Corrosion in Liquids, Corrosion Evaluation

a .
. }?@:i‘""
-ty
tw'ﬂ\ .
- Editors
B : Bob Cottis
Mike Graham
Rob Lindsay
Stuart Lyon
MANCHESTER Tooy Righabisen
1824 David Scantlebury

The University of Manchester Howard Stott



SHREIR’S CORROSION
FOURTH EDITION

Volume 2
CORROSION IN LIQUIDS, CORROSION EVALUATION

Editors
R A Cotus

M J Graham
R Lindsay
S B Lyon
J A Richardson
JD Scantlebur

TN
¥ H Scor u)\ mJ i3l
K e

Corrosion and Protection Centre, Unive}. mjy g“_ nehestgrs

STERDAM * BosToN * HEIDELBERG XFORD
PAris * SAN DiEGO * SaN FRANCISCO * SINGAPORE * SypNEY * Tokyo ACADEMIC
Academic Press is an imprint of Elsevier PRESS




Elsevier B.V.
Radarweg 29, 1043 NX Amsterdam, The Netherlands

© 2010 Elsevier Ltd. All rights reserved
First Edition 1963
No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form or by
any means electronic, mechanical, photocopying, recording or otherwise without the prior written
permission of the publisher

Permissions may be sought directly from Elsevier’s Science & Technology Rights Department in
Oxford, UK: phone (+44) (0) 1865 843830; fax (+44) (0) 1865 853333; email: permissions@elsevier.com.
Alternartively you can submit your request online by visiting the Elsevier web site at http://elsevier.com/

locate/permissions, and selecting obtaining permission to use Elsevier material

British Library Cataloguing in Publication Data
A catalogue record fro this book is available from the British Library

Library of Congress Catalogue Number: 2009940135
ISBN: 978-0-444-52788-2

For information on all Elsevier publications
visit out website at books.elsevier.com

Printed and bound in Spain

10 11 12 13 14 10 9 8 7 6 5 4 3 2 1

Working together to grow
libraries in developing countries

www.elsevier.com | www.bookaid.org | www.sabre.org

ELSEVIER  BOOKAID e Foundation




SHREIR’S CORROSION




Contributors

VOLUME III

E. Ajuong
Department of Materials Science and Technology,
University of Limerick, Ireland

H. Alves
ThyssenKrupp VDM GmbH, Plettenberger Str. 2, D-58791
Werdobl, Germany

C. Atkins
Materials & Corrosion Engineering, Spring Bank House,
33 Stamford Street, Altrincham WAI4 1ES, UK

P. Bala Srinivasan
Institute of Materials Research, GKSS-Forschungszentrum
Geesthacht GmbH, D 21502 Geesthacht, Germany

N. Birbilis
Department of Materials Engineering, Monash University,
Clayton VIC 3800, Australia

C. Blawert
Institute of Materials Research, GKSS-Forschungszentrum
Geesthacht GmbH, D 21502 Geesthacht, Germany

R. Brueckner
Materials & Corrosion Engineering, Spring Bank House,
33 Stamford Street, Altrincham WAI4 1ES, UK

R. G. Buchbheit
Department of Materials Science and Engineering,
The Obio State University, Columbus, OH 43210, USA

T. Curtis
Research and Development Director, Escol Products Ltd, UK

D. P. Dautovich
luternational Nickel Company

W. Dietzel
[ustitute of Materials Research, GKSS-Forschungszentrum
Geesthachr GmbH, D 21502 Geesthacht, Germary

G. N. Flint
Nickel Development Institute

F. E. Goodwin
International Lead Zinc Research Organization, Inc., 1822
East NC Highway 54, Suite 120, Durbam, NC, USA

H. Habazaki
Graduate School of Engineering, Hokkaido University,
N13-W'8, Kita-ku, Sapporo 060-8628, Fapan

U. Heubner
Consultant, Borgheller Str. 28, D-58791 Werdohl,
Germanny

L. H. Hihara

Department of Mechanical Engineering, Holmes Hall 302,
College of Engineering, University of Hawail at Manoa,
2540 Dole St., Honolulu, HI, USA

D. J. Hourston
Department of Materials, Loughborough University, UK

D. I. Hughes

Hanson Building Products, Accrington Novi Factory,
Accrington, Lancashive BB5 6NR, UK

A. Iversen
Outokumpu Stainless AB, PO Box 74, SE 774 22 Avesta,
Sweden

R. A. Jarman

Formerly School of Engineering, Universiry of Greenwich,
Old Royal Naval College, Park Row, Greenwich, London
SE10 9LS, UK

K. U. Kainer
Institute of Materials Research, GKSS-F orschungszentrum
Geesthachr GmbH, D 21502 Geesthacht, Germany

P. Lambert
Materials & Corrosion Engineering, Spring Bank House,
33 Stamford Street, Altrincham WAI4 1ES, UK

vii



viii Contributors

B. Leffler
Outokumpu Stainless, Hot Rolled Plate, SE 693 81 Degerfors,
Sweden

R. S. Lillard
Los Alamos National Laboratory, Los Alamos, NM, USA

S. B. Lyon
Corrosion and Protection Center, School of Materials,
University of Manchester, Manchester M13 9PL, UK

U. Malayoglu
Faculty of Engineering, Dokuz Eylul University, Bornovo,
Tzmiy, Turkey

R. H. Martin

Materials Engineering Research Laboratory Lid, Wilbury
Way, Hitchin SG4 0TW, UK
C. A. May

School of Engineering, University of Greenwich, London
SE10 9LS, UK

R. Morrell

National Physical Laboratory, Teddington, Middlesex
TW11 OLW, UK;

Institut fiir Strucktur-und Funktionskeramik,
Montanuniversitit Leoben, AS700 Leoben, Austria

A. Neville
Institute of Engineering Thermofluids, Surfaces and

Interfaces, School of Mechanical Engineering, University of

Leeds, Leeds 1L.S2 97T, UK

J. J. Noél
Department of Chemistry, The University of Western
Ontario, London, ON, Canada N6A 5B7

J. Nuttall
European Copper Institute, Belgium

J. W. Oldfield
Cortest Laboratories Ltd, Sheffield, UK

S. Oliver
Pilkington Ltd., St. Helens WAI0 3TT, UK

G. Pimenta

Materials Laboratory, Instituto de Soldadura e Qualidade,
Av. Prof. Cavaco Silva 33 — Talaide, 2780-994 Porto Salvo,
Portugal

L. C. Pinion
Building Research Establishment, Watford, UK

J. H. Potgieter

School of Chemical and Metallurgical Engineering,
University of the Witwatersrand, Johannesburg,
South Africa

C. A. Powell
Copper Development Association, Hemel Hemstead, UK

B. A. Proctor
Pilkington Ltd., St. Helens WA10 3TT, UK

A. Reynaud
Centre Technique des Industries de la Fonderie, 44, av. de ln
Division Leclerc, F-92318 Sévres Cedex, France

A. bin Samsuri

Department of Polymer Technology, MARA University of
Technology (Ui'TM), 40450 Shah Alam, Selangor,
Malaysia

G. M. Scamans

Innoval Technology Limited, Beaumont Close, Banbury,
Oxon OX16 1TQ, UK;

Brunel Centre for Advanced Solidification Technology,
Brunel University, Uxbridge, Middlesex UB8 3PH, UK

G. Schifer
Plaudler Werke GmbH, Pfaudlerstrasse, D-68723
Schwerzingen, Germany

D. W. Shoesmith
Depariment of Chemistry, The University of Western
Ontario, London, ON, Canada N6A4 SB7

C. D. S. Tuck
Lloyd's Register EMEA, London, UK

J. E. Watts

Surrey Materials Institute and Faculty of Engineering &
Physical Sciences, University of Surrey, Guildford, Surrey,
GUZ 7XH, UK

T.-L. Yau
12103 St High Creek Road, Happy Valley, OR 97086-4729,
USA



Editorial Board

Bob Cottis graduated from the University of Cambridge in the 1960s/70s
with MA (Metallurgy) and PhD (Metallurgy) degrees. He then worked in
contract research in the corrosion group at the Fulmer Research Institute,
where he was involved in major research projects in the general area of
corrosion, corrosion fatigue and other aspects of environmentally-assisted
fracture. In addition he undertook many corrosion- and materials-related
failure investigations. In 1979 he moved to the Corrosion and Protection
Centre at UMIST, later University of Manchester, where he is now
Professor of Corrosion Science and Engineering. His research interests
are in the areas of environmentally-assisted fracture, localized corrosion,
the electrochemistry of corrosion and the application of computing tech-

niques to the control of corrosion.

Bob initiated the regular triennial EMCR (Electrochemical Methods
in Corrosion Research) conference series, and has been on the organising
or scientific committees of numerous other conferences. He is founding
editor of the online Journal of Corrosion Science and Engineering, and
co-founder of the Corros-L corrosion mailing list. He was awarded the
T. J. Hull Award of NACE International in 2005 for contributions in the
field of publication, and elected Fellow of NACE International in 2009.
He has been actuive in the application of new technology to corrosion
education, co-ordinating the Ecorr (Engineering Corrosion) project that
developed computer-assisted learning materials for the support of the
study of corrosion by engineering students, and leading the development
of an online distance learning route for the established MSc in Corrosion
Control Engineering offered by UMIST /University of Manchester.

Michael Graham graduated from the University of Liverpool with BSc
(Chemistry) and PhD (Surface Science), before accepting in 1965 a
Post-Doctoral Fellowship at the National Research Council of Canada
(NRC). He was also a Research Officer at Berkeley Nuclear Laboratories,
before returning to NRC, becoming in 1977 Head of Metallic Corrosion
and Oxidation, and later Group Leader of Surfaces and Interfaces. He is
currently an NRC Researcher Emeritus and for many years has been a
Visiting Professor at the Corrosion and Protection Centre.

Professor Graham is a Past Chairman of the International Corrosion
Council, recipient of the W. R. Whitney Award of NACE International,
Queen Elizabeth’s Jubilee Medal, H. H. Uhlig Award of the Electrochemi-
cal Society, U. R. Evans Award of the Institute of Corrosion and the
T. P. Hoar Prize of the Institute of Corrosion. His research interests include




X

Editorial Board

thin film formation on metals and semiconductors, high temperature
oxidation, and surface passivation and film breakdown. He has over 260
publications.

Robert Lindsay received a BSc in Chemistry from the University
of Bristol, and a PhD from the University of Liverpool. He has had
appointments at a number of research institutions, including the Fritz-
Haber-Institut (Berlin), Cambridge University, and the CSIC Institute
of Materials (ICMAB) in Barcelona. Currently, he is a lecturer in the
Corrosion and Protection Centre, University of Manchester.

Rob’s research is concerned with studying surfaces under controlled
conditions to elucidate nanoscale details, focusing primarily on geometric
structure determination. Currently, he is employing such an approach to
understand corrosion inhibition at the atomic/molecular level. He has
published over 60 articles, including several reviews.

Stuart Lyon is Professor of Corrosion Control Technology and Head of
the Corrosion and Protection Centre in the School of Materials, University
of Manchester. He is a Trustee and former Executive President of the
Institute of Corrosion, and Managing Director of its trading subsidiary
(Correx Ltd.) as well as a Member of the Board of Administrators of the
World Corrosion Organisation. Research interests, which were recognised
by the award of the DSc degree by the former UMIST in 2002, include:
atmospheric corrosion and degradation, corrosion protection using organic
coatings, corrosion inhibition, corrosion monitoring and localised corro-
sion. Stuart is Editor-in-Chief of Corrosion Engineering Science and
Technology, a publication of Institute of Materials.

Tony Richardson graduated from UMIST in the 1960s with BSc
(Chemistry) and PhD (Corrosion) degrees. He spent most of his career
in industry, working as a materials/corrosion engineer, initally for
Unilever, and subsequently for ICI plc, where he led the Company’s
materials engineering group. For 5years in the 1970s Tony was a full-
time academic in the Corrosion and Protection Centre at UMIST. When
he returned to industry, he retained his association with UMIST /Univer-
sity of Manchester, contributing to the Corrosion and Protection Centre
as a visiting professor, and also more widely as a Royal Academy of
Engineering Visiting Professor in the Principles of Engineering Design.
He has also served on the Research Boards of the Welding Institute in the
UK, and the Materials Technology Institute in the USA. He retired from
ICI plc in 2000 to form Anticorrosion Consulting, which offers indepen-
dent materials/corrosion consultancy to the chemical process industries.
Tony has been a regular organiser and contributor to international
corrosion conferences, served on the editorial board of Corrosion Engineer-
ing, Science & Technology for many years, and has contributed regularly to
the research and practice literature. In 1979, he was a first recipient of the
Guy Bengough medal of the Institute of Materials, Minerals and Mining.



Editorial Board Xi

David Scantlebury

My research interests and my major teaching are closely interrelated.
For the whole of my academic career (nearly forty years!), I have been
interested in the strange situation between a potentially corroding mertal
and the organic coating that is placed on that metal with the intention
of preventing corrosion of that metal. There is a fascinating mixture of
knowledge and disciplines overlapping, that I find attractive, including
metallurgy, surface science, adhesion, electrochemistry, and polymer sci-
ence. And all this arises from real problems with real solutions. My other
related research interests include marine corrosion, cathodic protection,
and the corrosion and corrosion control of rebar steel in concrete. I teach
all these subjects mainly in Module 6 in the MSc in Corrosion Control
Engineering but as well I give most of the year two undergraduare lectures
in the Materials Science degree course. Since 1989, I have organised a
five yearly international conference on corrosion protection by organic
coatings, the next and fifth is in September 2009 at Christ’s College
Cambridge. My next and second Cathodic Protection Conference is here
in Manchester 6/7th February 2006.

My administrative duties include being the course director for the MSc
course in Corrosion Engineering and Control and the one week annual
Short Course in Corrosion Engineering, now in its 35th year.

I have supervised some sixty successful PhD students from every part of
the world and this social, intellectual and cultural interaction is one of the
most satisfying features of my work. I currently hold a visiting Chair in the
Department of Chemistry, University of Xiamen, China.

Link to Original Source: http://www.materials.manchester.ac.uk/
aboutus/staff/davidscantlebury/

Howard Stott graduated from the University of Cambridge with a BA
(Metallurgy) degree in 1967 and from UMIST with a PhD degree in High
Temperature Oxidation in 1970. He was a Post-Doctoral Research Associ-
ate before being appointed Lecturer in the Corrosion and Protection
Centre, UMIST in 1972. He was promoted to Senior Lecturer followed
by Reader then Professor in 1990. He was administrative Head of the
Corrosion and Protection Centre for three 3-year periods from 1987
until 2003 and was Operations Director of The Materials Performance
Centre for the following two years. He was awarded a DSc degree by the
University of Manchester in 1984

During his career at UMIST, he led a research group in the field
of high temperature degradation and protection of materials, with over
50 research students and 30 PDRAs. He served on the Editorial Advisory
Boards of Oxidation of Metals, Corrosion Science, Materials and Corro-
sion and Materials at High Temperature for many years. He was elected
Fellow of the Royal Academy of Engineering in 2001 and was awarded the
UR Evans Award by the Institute of Corrosion in the same year.

He retired from the University of Manchester (formerly UMIST) in
2006 and now lives in Vancouver, Canada.



Foreword

In keeping with most of the colleagues who have edited this book, I had the good fortune to meet and know
Lionel Shreir. We knew him first through the Ist edition of Corrosion, published in 1963, that was our
introduction to the subject as we embarked on our postgraduate research. In the UK, Shreir’s Corrosion was
the one-stop-reference work that provided an introduction to most aspects of corrosion and its control,
authored by the great and good of corrosion and heavily laced with scientific fundamenrals. Later, we got to
know Lionel personally as a very active educator, researcher and consultant during his tenure as Head of
Metallurgy at Sir John Cass College in London. After Lionel’s retirement, my predecessor, Graham Wood,
invited Lionel to join us in the Corrosion and Protection Centre that had been established in Manchester in the
early 1970s and we were delighted when he accepted an honorary position. He provided valuable advice and
support and, in addition to his considerable professional talents that spawned an impressive collection of awards,
he was a great encourager of the young and a very affable, charming colleague.

We are well placed in Manchester to take on the task of editing a 4th edition of Corrosion in having world
class academics in most areas of corrosion science and engineering. Even so, I know that my colleagues thought
long and hard before taking on such a challenging task and our affection and respect for Lionel were
undoubtedly key influences on their decision to proceed. I applaud their efforts in delivering a 4th Edition of
Corrosion, not least those of our retired and visiting professors, Howard Stott, Mike Graham and Tony
Richardson, and I am delighted to see contributions from Manchester alumni from around the world.
The Corrosion and Protection Centre is proud to be associated with this 4th Edition of Corrosion, which
we dedicate to the memory of one of corrosion’s godfathers, Lionel Shreir.

G E Thompson, OBE FREng,

Head, Corrosion and Protection Centre,
School of Materials,

University of Manchester
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Preface to the Fourth Edition

Over the 46 years since it was first published, Shreir’s Corrosion has sustained its reputation as a major
educational and reference work on all aspects of corrosion science and engineering. For the 3rd Edition, Lionel
enlisted the assistance of Tim Burstein and Ray Jarman to edit the work and his good judgement was reflected in
its continuing quality and popularity. So, in agreeing to take on the task of editing a 4th Edition of Shreir, we
were keenly aware of our responsibility to maintain the reputation that the work has earned amongst our peers
in the corrosion science and engineering communities, not to mention the wider engineering community,
worldwide.

In approaching a 4th Edition, we decided to depart from the structure of previous editions and rebalance the
content of the work to reflect the major advances that have been made since the work was first published in the
techniques available for corrosion research, in our understanding of the mechanisms of aqueous and high
temperature corrosion, and in the development of practices for the control and management of corrosion. Thus,
we have commissioned new contributions on experimental techniques for the study of corrosion and the
modeling and prediction of corrosion behaviour, and in an era of intense societal pressures to prevent major
incidents that threaten safety, health and the environment, we have commissioned contributions on the
management of corrosion in mature industries.

In making significant changes, we have been concerned to retain the essential character of Shreir’s
Corrosion, which has always doubled as part textbook and part reference work. As such, we hope that it will
retain its wide appeal to all with a professional interest or involvement in corrosion, including graduate and post
graduate students, academics who teach corrosion courses, or with active corrosion research interests and
scientists and engineers of any discipline working as corrosion professionals in research or consulting, in
supplying corrosion control services or corrosion resistant materials, or in organisations that operate physical
assets of any type that are vulnerable to corrosion.

We would like to record our gratitude to our many authors from around the world for their willingness to
produce chapters in times when both effort and time are scarcer commodities than used to be the case in
professional life. We decided to retain some ‘old master’ contributions from Lionel himself, Tim Burstein,
Robin Proctor, Jack Mayne and Redvers Parkins on fundamental topics that are essentially timeless. We have
contributed some chapters ourselves and, as anyone previously involved in editing an undertaking such as this
will understand, have attempted to update one or two existing chapters in haste where prospective authors were
unable to deliver. While the outcome may not be perfect, we hope sincerely that it will prove as valuable to the
corrosion science and engineering communities worldwide as its predecessors and, in so doing, will help repay
our collective dues to Lionel Shreir, who started it all.

Finally, we record our gratitude to the Elsevier development and production staff who kept us on task
throughout the project and worked so hard for a successful outcome, in particular Arnout Jacob, Adrian Shell,
Natalia Kennedy, Nicola Lally, Simon Wood, Hilary Broadribb, Melinda Debreczeni, Beckie Brand, Fiona
Geraghty, Hazel Harris, Gareth Steed, Bob Donaldson and last, but very definitely not least, Kostas Marinakis.

RAC/MJG/RL/SBL/JAR/JDS/FHS
Corrosion & Protection Centre
School of Materials

University of Manchester
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L. L. Shreir, OBE, 1914-1992

In keeping with most of the colleagues who have edited this book, I had the good fortune to meet and know
Lionel Shreir. We knew him first through the 1st edition of Corrosion, published in 1963, that was our
introduction to the subject as we embarked on our postgraduate research. In the UK, Shreir’s Corrosion was
the one-stop-reference work that provided an introduction to most aspects of corrosion and its control,
authored by the great and good of corrosion and heavily laced with scientific fundamentals. Later, we got to
know Lionel personally as a very active educator, researcher and consultant during his tenure as Head of
Metallurgy at Sir John Cass College in London. After Lionel’s retirement, my predecessor, Graham Wood,
invited Lionel to join us in the Corrosion and Protection Centre that had been established in Manchester in the
early 1970s and we were delighted when he accepted an honorary position. He provided valuable advice and
support and, in addition to his considerable professional talents that spawned an impressive collection of awards,
he was a great encourager of the young and a very affable, charming colleague.

We are well placed in Manchester to take on the task of editing a 4th edition of Corrosion in having world
class academics in most areas of corrosion science and engineering. Even so, [ know that my colleagues thought
long and hard before taking on such a challenging task and our affection and respect for Lionel were
undoubtedly key influences on their decision to proceed. I applaud their efforts in delivering a 4th Edition of
Corrosion, not least those of our retired and visitng professors, Howard Stott, Mike Graham and Tony
Richardson, and I am delighted to see contributions from Manchester alumni from around the world. The
Corrosion and Protection Centre is proud to be associated with this 4th Edition of Corrosion, which we
dedicate to the memory of one of corrosion’s godfathers, Lionel Shreir.

G E Thompson, OBE FREng,

Head, Corrosion and Protection Centre,
School of Materials,

University of Manchester
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