Horst E. Friedrich
Barry L. Mordike
(Eds.)

@ Springer



Horst E. Friedrich
Barry L. Mordike
(Eds.)

@ Springer



Friedrich - Mordike
Magnesium Technology



Horst E. Friedrich - Barry L. Mordike

Magnesium Technology

Metallurgy, Design Data, Applications

With 590 Figures

@ Springer



Professor

Dr.-Ing. Horst E. Friedrich

Institut fiir Fahrzeugkonzepte (FK)

Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) e.V.
in der Helmholtz-Gemeinschaft

Pfaffenwaldring 38-40

70569 Stuttgart

Germany

e-mail: Horst.Friedrich@dlr.de

Professor

Dr. Barry L. Mordike

Institut fiir Werkstoffkunde und Werkstofftechnik
TU Clausthal

Agricolastrasse 6

38678 Clausthal-Zellerfeld

Germany

e-mail: barrymordike@hotmail.com

Library of Congress Control Number 2005931991

ISBN-10 3-540-20599-3 Springer Berlin Heidelberg New York
ISBN-13 978-3-540-20599-9 Springer Berlin Heidelberg New York

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is concerned,
specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction on
microfilms or in any other ways, and storage in data banks. Duplication of this publication or parts thereof is only
permitted under the provisions of the German Copyright Law of September 9, 1965, in its current version, and
permission for use must always be obtained from Springer-Verlag. Violations are liable to prosecution under the
German Copyright Law.

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

© Springer-Verlag Berlin Heidelberg 2006
Printed in Germany

The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply,
even in the absence of a specific statement, that such names are exempt from the relevant protection laws and
regulations and therefore free for general use.

Cover design: deblik Berlin
Typesetting: Fotosatz-Service Kohler GmbH,Wiirzburg

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



Preface/Foreword

Magnesium was discovered and isolated as a chemical element in 1808 by Sir
Humphrey Davy. The problem with its isolation was associated with its reactiv-
ity, which has haunted all those interested in using magnesium as components.
The applications today must also consider the problems of corrosion. If we con-
sider other properties e.g. elastic rigidity we find that the elastic constants are sig-
nificantly lower than those of other metals. The yield strength or ultimate tensile
strength is also poorer than most constructional metals.

The significant event at the beginning of the twentieth century was aviation
and this changed the rules - it was the specific yield strength which was impor-
tant and indeed much work was undertaken in the two wars to develop magne-
sium alloys for aviation. Magnesium had come of age and was used extensively
in military aircraft during the Second World War. Thereafter, there was a slump
in its use and apart from isolated applications was unable to compete with other
metals, both from an economic and also technological standpoint.

In the nineteen-nineties a concentrated effort was made to solve many of the
problems, which limited the widespread application of magnesium alloys. This
effort was essentially global with producers and car manufacturers uniting so
that magnesium becomes recognised as a structural material. One group was
USA and Canada, another was Australia with CAST, Israel, Norsk Hydro, MEL and
Germany. In this book we have authors covering all aspects of magnesium tech-
nology. For the first time in 50 years we are able to show which advances in com-
ponent development have been made possible since the tome by Emley of MEL.
The authors come from Germany, USA, Norway, Canada, Israel, Switzerland and
the UK and have covered the following topics on a chapter or sub-chapter basis.

There have not been many books on magnesium. The first was Beck’s
“Magnesium und seine Legierungen”, published in the 1930’s, which was hur-
riedly translated into English. This was followed 25 years later by Emley’s book,
Principles of “Magnesium Technology”. This was a comprehensive revue of the
state of the art. Since that time there has been the ASM Handbook which pro-
vided a useful collation of the properties of magnesium alloys but did not attempt
to update Emley.

There are nine chapters in this book. The first chapter covers the history un-
til 1945 and also from 1945 to about 1990. The second chapter covers an exten-
sive survey of 30 pages of various production technologies of magnesium. This
is followed by a detailed presentation of the physical metallurgy, physical and me-
chanical constants, deformation behaviour, strengthening mechanisms, classifi-



VI Preface/Foreword

cation of alloys, binary and higher phase diagrams, various MEL alloys and
highly creep resistant alloys. Chapter 4 is devoted to melting, alloying and refin-
ing. Chapter 5 is a contribution by several authors of 70 pages to a detailed de-
scription of present day magnesium casting alloys. Chapter 6 covers the tech-
nology of magnesium and its alloys. This chapter of 200 pages discusses many
aspects e.g. sand casting, casting defects, inspection, identification and elimina-
tion of defects. This is followed by a discussion of die casting, also squeeze cast-
ing and semi-solid casting with their associated properties. Rolling of magne-
sium and sheet metal forming is a recent important extension to magnesium
technology. Extrusion is also discussed with alloy developments and novel ex-
trusion methods. An important topic in this chapter is magnesium matrix com-
posites. Joining and welding processes are also covered in this chapter. Alterna-
tive processes to welding, such as adhesive bonding technology, clinching,
riveting, direct screwing, folding, hybrid joining are relatively new methods of
joining magnesium. Machining of reinforced and un-reinforced magnesium
alloys concludes this chapter.

Chapter 7 is dedicated to corrosion and surface protection and represents a
chapter in which significant advances have been made and where some problems
have been eliminated. Chapter 8 shows examples of automobile applications in
Europe and North America together with concepts of life cycle inventory of ve-
hicles, other applications such as hand tools, sports equipment, electronic equip-
ment and aerospace. Barriers to magnesium are also discussed. In chapter 9 the
problem of setting up a secondary recycling strategy for magnesium is discussed.

This book for the first time shows a wide spectrum of applications. Obviously,
the automobile applications are particularly important as they could guarantee
that a sufficient volume of magnesium is produced; ensuring that unit prices are
low. The price competition is keen and there is still much to be achieved with
wrought products, in particular.

Significant advances have been made in corrosion protection, joining tech-
nologies and recycling.

Horst E. Friedrich Barry L. Mordike
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Dr.Horst E. Friedrich

Prof. Dr. H. E. Friedrich studied engineering at the Technical University of
Munich. After working in the engineering and consultancy sectors, he took up a
senior management position in the aeronautical industry in 1986. He was res-
ponsible for new methods of construction and new materials, aircraft engines
and optimising product development times. In 1996, Prof. Friedrich joined Volks-
wagen AG in Wolfsburg as head of vehicle research, where at last he was head of
Group research for materials technology and vehicle concepts. He specialised in
innovative materials and construction methods, and concept vehicles for future
vehicle specifications.

Since March 2004 he is director of the Institute of Vehicle Concepts at the Ger-
man Aerospace Center in Stuttgart and professor at the University of Stuttgart.
The research fields are Alternative Power Trains and Energy Conversion as well
as Light Weight Design and Hybrid Construction methods.

Prof. Dr. Friedrich worked as Director of the Board of the International
Magnesium Association (IMA) and has a lectureship at the Technical University
of Berlin for materials and design in the transportation industry.

Prof. Dr Barry L. Mordike

Barry Mordike studied Physical Metallurgy at Birmingham University and com-
pleted his studies with BSc(Hons) Class1 in 1956. He then undertook research for
his PhD in the Cavendish Laboratory, Department of Physics, University of
Cambridge, completing his PhD in Summer 1959. He then continued research in
the Institut fiir Metallphysik, Universitidt Gottingen as ‘Wissenschaftlicher Assis-
tent’ to Prof. Peter Haasen. In September 1966 he took up a post as Senior Lec-
turer (C4 Professur) in the Department of Metallurgy, University of Liverpool,
where he stayed until the end 0f1976.In Dec 1976 he was appointed to the newly
created Chair of Materials Engineering and Technology at the Technical Univer-
sity of Clausthal. He remained at Clausthal until he became Emeritus Professor
in October 1999.

Apart from his academic pursuits he created in 1989 a technology transfer
company, Zentrum fiir Funktionswerkstoffe g.G.m.b.H( Clausthal) with the aid
of Government funding. This enabled projects to be completed where industrial
competence and confidentiality were necessary. In 2002 Prof. V. Neubert took over
from him as General Manager.

Initially, his research interests concentrated on fundamental problems such as
deformation processes, initiation of fatigue, crystal growth, strengthening mech-
anisms in metals. He changed his emphasis and developed interests in more
applied research. Prior to going to Clausthal he started to work on magnesium
alloys (1972), some aspects being supported by MEL (Elektron), Powder Metal-
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lurgy (1973) and Laser Technology (1976). At Clausthal, he rapidly built up a con-
siderable research potential and covered a wide range of subjects.

The period 1976 to 1999 will be remembered for its contribution to develop-
ing Laser Treatment of Materials, Magnesium 1972 - present day, Powder Metal-
lurgy and Composite Materials, Surface Engineering, in particular, Plasma
Immersion Technology.
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